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Section 1

EXECUTIVE SUMMARY 

1.1 BACKGROUND AND OBJECTIVES 

This document reports on the Individual Plant Examination (IPE) for Severe Accident 

Vulnerabilities performed for the New York Power Authority's Indian Point Unit 3 Nuclear 

Power Plant (IP3). The objective of the IPE is to meet the requirements of the Nuclear 

Regulatory Commission's (NRC's) Generic Letter No. 88-20 [1] by conducting "an integrated 

systematic.... .examination of each power plant..for possible risk contributors that might be 

plant specific and might be missed absent a systematic search" and by: 

" Developing an appreciation of severe accident behavior 

" Understanding the most likely severe accident sequences that could occur at the plant 

" Gaining a more quantitative understanding of the overall probabilities of core damage and 

fission product release 

" Reducing the overall probabilities of core damage and fission product release, if 

necessary, by making expeditious and appropriate modifications to hardware and 
procedures to prevent or mitigate severe accidents.  

A further objective of the IPE is to ensure that the knowledge gained from the examination 

becomes an integral part of plant procedures and training programs, thereby maximizing the 

benefit that can be realized from the examination. This is to be achieved both through a 

vigorous commitment by the New York Power Authority (the "Authority") to the intent of the 

IPE and the participation of Authority staff to the greatest extent possible in the examination.  

Specifically, the Nuclear Regulatory Commission (NRC) expects the Authority to: 

m Have Authority engineers, who are familiar with the details of the design, control, 
procedures and system configurations, involved in the analysis as well as in, the technical 

- review 

* Perform an independent in-house review of the IPE.  

It will be seen in this report that the Authority's commitment to the goals of the IPE and the 

involvement of Authority staff have exceeded the NRC's requirements.



In its generic letter, the NRC identified three allowable approaches to performing the IPE: 

" A Level I and limited Level II (containment performance) probabilistic risk assessment 
(PRA), based upon the current design, that addresses the severe accident phenomena 

" Industry Degraded Core Rulemaking (IDCOR) system analysis methods 

a Other system examination methods, provided these are acceptable to NRC staff.  

The Authority chose to use the PRA approach to perform this IPE, anticipating that doing so 
will provide additional benefits in supporting licensing actions, license renewals, risk 
management, and integrated safety assessment. The last is a means by which the priorities for 
safety actions can be set. An integrated safety assessment entails the provision of a rational 
schedule for taking actions and a basis for eliminating actions that can be demonstrated to be 
of little safety significance to the plant.  

Another objective of the NRC's Generic Letter is to use the IPE process to help resolve 
several Unresolved Safety Issues (USIs) and Generic Safety Issues (GSIs). For example, the 
NRC has concluded that the most efficient manner to resolve USI A-45, "Shutdown Decay 
Heat Removal Requirements," is to examine both the plant decay heat removal system and 
those systems used for other safety functions to identify severe accident vulnerabilities as well 
as cost-effective plant-specific means of resolving any problems identified.  

While the development of a severe accident management plan is not an integral part of the 
IPE, the results of the IPE will clearly be essential to the development of such a plan. Of 
particular importance are the results that concern the survivability of equipment and the 
actions operators take, or do not take, in a severe accident environment. Therefore, in 
performing the IPE, particular attention was paid to identifying actions that can substantially 
reduce the risk from severe accidents. Accordingly, the IPE addressed the instrumentation, 
procedures and alarms needed to diagnose the situation and to prevent or mitigate detrimental 
effects, and the procedures needed for operators to be skilled in possible remedial actions.  
These items will be essential elements of any accident management program. Of course, 
should any items be identified that substantially reduce the risk of severe accidents, these 
should be considered for implementation.  

To derive continuing benefits from the IPE and to facilitate its review by the NRC, it is 
imperative that the IPE be documented fully, clearly, and in an easily traceable manner [2].  
This requires not only that the results of the examination, and in particular the identity of the 
severe accident sequences, be reported to the NRC but also that all documentation be retained, 
and the assumptions and methodologies be specified.  

The remainder of the report will demonstrate how the Authority has satisfied all the goals and 
requirements of the IPE process and presents the results of this IPE.



1.2 THE PLANT

The Indian Point Unit 3 Nuclear Power Plant (IP3) is located on a 235 acre site on the east 

bank of the Hudson River in upper Westchester County, New York. The nearest town is 

Peekskill, 2.5 miles northeast of the plant; New York City is 24 miles south of the plant. The 

plant is operated by the New York Power Authority. A similar unit, Indian Point Unit 2 

(IP2), lies immediately adjacent to IP3. IP2 is owned and operated by the Consolidated 
Edison Company of New York, Inc. A third unit on the site, Indian Point Unit 1, is no 

longer in operation.  

IP3 is a Westinghouse, four-loop, pressurized water reactor plant. It was designed by United 
Engineers & Constructors and began commercial operation in August 1976. Its power rating 
is 3025 MWt/965 MWe. The major structures at IP3 are the containment building, turbine 
building, primary auxiliary building, control building, diesel generator building, intake 
structure, and fuel storage building. The containment is a reinforced concrete cylinder with a 

steel liner.  

A number of safety features at IP3 make a significant contribution to the achievement of low 
core damage and source term release frequencies: 

* City Water Supply to AFW System. The condensate storage tank is the normal source 
of water supply to the suction of the AFW pumps. For sequences in which extended 
operation of the AFW system is required, the city water system can be aligned to provide 
water to the AFW pump suctions.  

m City Water Supply to the Char!ing Pumps. The charging pumps are cooled by 
component cooling water.. However, the loss of the component cooling water (CCW) 
system can be mitigated by manually aligning city water to the coolers.  

* Hiah-Head Safety Injection Pump-Shaft-Driven Component Cooling Water Pumps.  
The high-head safety injection pumps are equipped with shaft-driven CCW pumps.  
Therefore, sequences which involve the loss of the CCW pumps will not affect the 
operability of the high-head safety injection pumps provided the CCW header remains 
intact and open.  

m New Steam Generators. The steam generators were replaced in 1989. Consequently, 
the anticipated frequency of steam generator tube ruptures is expected to be less than in 
plants in which steam generators have not been replaced.  

m Nitrogen Supply to AFW System. While the instrument air system is the primary 
source of air to operate the speed control system on the AFW turbine and most of the air

operated valves in the system, three nitrogen bottles located inside the AFW pump room 
and connected into the instrument air system provide a back-up to the instrument air 
system.



" 118-Vac Instrument Bus Inverter Transfer Capabilities. Pairs of instrument buses in 
the 118-Vac electric power system are normally fed by a static inverter that takes an 
input from a 125-Vdc power panel and converts it to a single-phase output of 118-Vac.  
Three of the four inverters also contain an additional internal static transfer switch that 
can automatically bypass the dc-fed inverter section with ac output from the back-up 
MCC and transformer to maintain power to the buses should the inverter section fail.  
The fourth inverter has an alternate set of circuit breakers that are interlocked with the 
normal inverter output breakers.  

" Spare Battery Charger 35. Operating procedures direct that a spare battery charger, 
battery charger 35, be manually aligned to replace battery chargers that fail or are placed 
in maintenance.  

" Residual Heat Removal Pumps. The RHR pumps can operate for 24 hours without 
CCW flow to cool the RHR pump seals and jacket coolers. Should RHR operation be 
required after 24 hours, cooling flow to RHR pump 31 can be established by manually 
initiating the flow of city water to the pump. Therefore, sequences which result in the 
loss of CCW flow should not affect the operation of RHR pump 31.  

" Appendix R Diesel. IP3 has an Appendix R dedicated shutdown path--the plant is 
equipped with an Appendix R diesel generator and separate 480-V switchgear, located in 
the turbine building, that are sized to operate the loads essential for RCP cooling.  

" Back-Up Service Water Pumps. IP3 is equipped with three back-up service water 
pumps aligned to the essential service water header. Sequences which result in the loss 
of service water flow as a result of the failure of the essential service pumps to start or 
continue to run may be mitigated by manually starting one or more back-up pumps. No 
credit was taken for the use of these pumps in this study, however.  

" Post-LOCA Recirculation. Two internal (containment) recirculation pumps and two 
external RHR pumps are capable of providing post-LOCA recirculation cooling. Each set 
of pumps has its own sump.  

" High- to Low-Pressure Pipe Interface. Because the high- to low-pressure interface on 
the shutdown cooling path RHR suction line is located inside containment, it is probable 
that, in the unlikely event that RHR suction valves fail, any resulting loss of piping 
integrity would occur inside containment. This design feature substantially reduces the 
frequency of interfacing LOCA events that lead to containment bypass.  

" Containment Fan Coolers. The containment incorporates safety grade containment fan 
coolers to remove heat from and reduce pressure build-up in the containment. These 
coolers are independent of and redundant to the containment spray system. They also 
allow removal of decay heat in certain cases in which coolant flow through the core is 
established but the heat sink (i.e., the RHR heat exchangers or their associated support



systems) is lost.

w Containment Building. The containment building is a large dry reinforced concrete 
structure. The ultimate containment failure pressure predicted well in excess of the 
design basis pressure. Consequently, early containment failure is most unlikely and, 

because containment overpressurization is expected to occur over many hours, potential 

accident recovery actions are enhanced and additional time is provided for source term 

reduction. f 

m Reactor Pit. The large reactor pit and resulting high floor area:power ratio enhance 
debris coolability, thereby reducing the likelihood of late containment overpressure 
failure.



1.3 PLANT FAMILIARIZATION

To ensure the applicability and validity of the IPE and its conclusions, it is imperative that the 
analysis accurately depict 1P3 as presently configured and operated. In this IPE, this was 
achieved by extensive efforts to ensure plant familiarization and an exhaustive review process.  
Plant familiarization comprised three elements: 

" The preparation of system work packages--documents that describe systems and provide 
the data required for the systems and event tree analyses. They include descriptions of 
system function, design, operation, interfaces and dependencies, instrumentation and 
control, testing and maintenance, applicable technical specifications, and the assumptions 
made in deriving the system fault tree model. Their preparation necessitated the review 
of information included in the system description, piping and instrument diagrams, one 
line and elementary wiring diagrams, technical specifications, maintenance work orders, 
operating procedures, emergency operating procedures, off-normal operating procedures, 
performance and surveillance test procedures, maintenance procedures, etc.  

* Site visits. The analysts made frequent visits to the site both to examine the design and 
operation of the systems for which they were responsible and to participate in the formal 
reviews, plant "walk downs" and simulator exercises.  

" Extensive communication between plant and engineering staff, the systems analysts and 
data analysts. This communication was enhanced by the use of IPE techniques and 
results to help resolve various issues in the course of performing this IPE.  

Of necessity, plant familiarization is an iterative process -- as system modeling proceeds, 
modifications are made to the design and procedures, and the results of qualitative and 
quantitative analyses are reviewed, additional details or clarification of the design, operation, 
maintenance, testing, and failure behavior of equipment are required.  

The review process emphasized the role of plant staff and others familiar with the design and 
operation of the plant. Their reviews therefore served to ensure the accuracy of the 
assumptions made, the models, and the results.



1.4 OVERALL METHODOLOGY

The methodology adopted by the New York Power Authority satisfies the requirements of the 

NRC for performing an IPE. It comprised a Level I PRA and a containment performance 
analysis. The state-of-the-art small-event-tree/large-fault-tree approach was adopted.  

Event trees depict the accident sequences that follow the occurrence of an initiating event.  
The subsequent responses of systems determine the final status of the core and containment-
the delineation of each sequence terminates with a determination of whether the core is in a 
stable or damaged state. Fault tree models were developed for the systems depicted in the 
event trees and for their support systems. These models addressed dependent failures. Plant
specific initiating event, equipment failure, human-error, and common-cause-failure data bases 
were created to quantify the event sequences that lead to core damage. In the initiating event, 
equipment and common-cause failure data bases, plant data were used to adjust or replace 
generic data; in the human error data base, plant data were used to define and quantify the 
probability of error in human actions.  

After quantification, dominant accident sequences were reviewed to ensure their validity and 
,to ascertain if recovery actions are feasible. System design documentation, emergency and 
off-normal operating procedures, and testing and maintenance practices were reviewed to 
identify the viable recovery actions. Should recovery actions be feasible, the dominant 
accident sequences were requantified to account for these actions.  

The containment performance analysis entailed the identification of plant damage states that 
characterize the reactor. coolant system, containment, and core-cooling systems at the start of 
core damage, the modeling of.the thermal-hydraulic behavior of the reactor coolant system, 

and containment and in- and ex-vessel fission product behavior for each of the plant damage 
states, the characterization of containment failure modes, the selection of a containment event 
tree and its quantification for each plant damage state, and the characterization of radionuclide 
releases by associating each containment event tree end state that was found to have a 
significant frequency with a specific source term.



1.5 MAJOR FINDINGS

The conclusions, major findings and insights of this study are presented here and compared to 
the findings of the individual plant examination performed for Indian Point Unit 2 [3] and the 
Indian Point Probabilistic Safety Study (IPPSS) published in 1982 and 1983 [4].  

1.5.1 CONCLUSIONS 

1.5.1.1 Core Damage 

The total mean core damage frequency (CDF) for IP3 is 4.4 x 1 0 5/year. This frequency is 
the frequency that results from internal causes and applies to the plant as it is currently 
configured and operated.  

Seven types of accidents dominate the internal core damage frequency: accidents initiated by 
transients, loss-of-coolant accidents, anticipated transient without scram events, accidents 
initiated by internal flooding, station blackout accidents, steam generator tube ruptures, and 
interfacing system loss of coolant accidents. Their mean contributions to the total internal 
core damage frequency are shown in Figure 1.5.1.1; they are also listed in Table 1.5.1.1 
together with data for IP3 and other plants derived in previous studies. Detailed comparisons 
were only made, however, with the results of the IPPSS for IP3 [4] and the IP2 IPE [3].  

Accidents initiated by transients contribute 28.89 percent of total internal core damage 
frequency. The transient sequence with the highest frequency is initiated by a turbine trip.  
Subsequently, the auxiliary feedwater system fails and the operators fail to initiate bleed-and
feed cooling. This sequence contributes 9.36 percent to the total internal core damage 
frequency. The second most dominant transient sequence differs in that the initiator is a loss 
of 125-Vdc bus 32 with subsequent loss of-AFW. This sequence contributes 3.32 percent of 
the total internal core damage frequency.  

The second most important contributors to the frequency of core damage initiated by internal 
events are loss of coolant accidents. These contribute 20.07 percent of the total internal core 
damage frequency. Of LOCA accident sequences, the dominant accident sequence is initiated 
by a large break LOCA accompanied by a failure of the operators to initiate recirculation 
when the refueling water storage tank (RWST) depletes. The core damage frequency 
predicted to result from small LOCAs is relatively small because, in this study, RCP seal 
LOCAs were characterized with their initiating transients rather than as small LOCAs.



Figure 1.5.1.1 Contribution to InOnal Core Damage Frequency
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Table 1.5.1.1 

Accident Types and Their Contribution to 
Internal Core Damage Frequencies

Accident Type Mean Core Damage Frequency (/year) 

IP3 IPE IPPSS IP2 IPE [3] Surry Seabrook 
for IP3 [4] IPE [77] IPE [37] 

Transients 1.28 x 10.' 2.2 x 10.6 1.4 x 10' 3.2 x 105  2.9 x 10-' 

LOCAs 8.89 x 10.6 1.2 x 104  1.0 x l05  2.1 x 10.  6.0 x 10-6 

ATWS events 8.67 x 10.6 1.3 x 10-6 (1) 1.8 x 10-6 3.2 x 10 7  6.6 x 106 

Internal flooding 6.51 x 10.6 5.0 x 10.6 (2) (3) 9.9 x 10' 5.8 x 10-6 

Station blackout 4.77 x 10-6  4.7 x 10.6 4.5 x 10.6 8.1 X 10 6  1.8 x 10

Steam generator tube 
ruptures 2.42 x 10-6 1.6 x 10.6  1.6 x 10-6 1.0 x l0"1 1.3 x 10.6 

Interfacing system 
LOCAs 2.46 x 10-' 5.7 x i0 -7 2.7 x 10.8 1.6 x 10-6 3.4 x 10 

Total 4.4 x 10.' 1.3 x 10-4 3.2 x 10.' 1.7 x 10-4 6.7 x 10"

(1) The sum of ATWS sequence frequencies in Table 8.3-10a-1 

(2) From Section 7.4.2 of the IPPSS [4] 

(3) To be submitted with the IPEEE for IP2

of the IPPSS [4]

1-10



The third most important contributors to the core damage frequency are ATWS events. These 
events are responsible for 19.57 percent of the core damage frequency. However, it should be 
noted that ATWS events were modeled assuming that the power-operated relief valve (PORV) 
block valves were closed to prevent leakage through PORVs. In this mode of operation, the 
ability to prevent peak reactor coolant pressure from exceeding 3200 psig (and thus breaching 
reactor vessel integrity and causing possible core damage) is -limited. Because recent 
modifications are expected to eliminate the problem of PORV leakage and thus allow the 
PORV block valves to be left open, a 68 percent reduction in the contribution of ATWS 
events to core damage frequency can be anticipated.  

The fourth most important contributors to the total internal core damage frequency are 
accident sequences initiated by internal flooding incidents. These accident sequences are 
responsible for 14.69 percent of the total internal core damage frequency. Three incidents 
that fail 480-Vac safety-related switchgear in the control building switchgear room and lead to 
station blackout dominate these accident sequences: 

* The rupture of the instrument air closed cooling water system in the control building 
switchgear room 

" The rupture of the fire protection system in the control building switchgear room 

" The rupture of the fire protection system in the control building east stairwell.  

The fifth most important contributors to core damage are station blackout sequences. These 
contribute 10.77 percent of the total internal core damage frequency. The probability of 
power recovery is a function of the time available to recover power and interrupt the 
progression to core damage. Stuck-open PORVs, reactor coolant pump seal leakage, battery 
depletion and the failure of the steam-turbine-driven auxiliary feedwater pump (AFW) pump 
all influence this time.  

The sixth most important contributors are steam generator tube ruptures including those 
induced by a main steam line break outside containment. These sequences contribute 5.46 
percent of the total internal core damage frequency.  

The seventh and final important contributors to core damage are interfacing system loss of 
coolant accidents. These are responsible for 0.56 percent of the total internal core damage 
frequency.  

The contribution to core damage frequency arising from the failure of decay heat removal 
functions was also evaluated in response to Unresolved Safety Issue A-45. It was concluded 
that the failure of these functions is a factor in 76.9 percent of core damage accidents initiated 
by internal events, AFW system failure being involved in accident sequences responsible for 
about 50 percent of the core damage frequency. However, the contribution resulting from the 
failure of decay heat removal functions is both well understood and not unexpected.
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Furthermore, the core damage frequency with which loss of decay heat removal is associated 
(3.4xl05' /yr) is significantly less that the NRC target for core damage frequency.  
Accordingly, it was concluded than decay heat removal systems do not represent a particular 
vulnerability at 1P3.  

Finally, the adequacy of prevailing licensing specifications relating to reactor coolant pump 
(RCP) seal integrity was addressed in response to Generic Safety Issue GSI-23. This issue is 
of concern because a loss of RCP seal integrity can cause a small loss of coolant accident.  
However, it was concluded that the core damage frequency associated with RCP seal LOCAs 
is only 6.6 percent of the total core damage resulting from internal events. Accordingly, it 
was concluded that RCP seal integrity does not represent a vulnerability at 1P3.  

1.5.1.2 Plant Damage States 

Plant damage states (PDSs) provide the interface between the front and back-end analyses.  
They represent groupings of accident sequence cut sets that result in core damage and are 
likely to yield similar accident progressions--they define unique sets of initial conditions for 
the evaluation of severe accident progression and attendant challenges to containment 
integrity. In the front-end analysis, 59 PD)Ss were defined. For descriptive purposes, this 
number was then reduced by re-examining the PDSs to determine if PD)Ss that reflect similar 
reactor and containment states could be combined. It was concluded that the release of fission 
products could be adequately described by five groups of plant damage states. The mean 
frequencies of these groups and their relative contributions to the core damage frequency 
arising from internal events are listed in Table 1.5.1.2. It should be stressed, however, that all 
59 PD)Ss were analyzed in the containment event tree. Plant damage state group 1 is 
associated with 23.2 percent of the total core damage frequency resulting from internal events.  
It results from a loss of offsite power with a subsequent loss of onsite emergency diesel 
generator power or internal flooding within the control building that fails the 480-Vac 
safeguard buses. Subsequently, either secondary cooling is lost, RCS boil-off ensues and core 
damage occurs in the long term with the RCS at high pressure or a single PORV sticks open 
or RCP seal fails resulting in core damage at low-high RCS pressure.  

Plant damage state group 2 represents 40.9 percent of the total internal core damage 
frequency. It results from long- and short-term accident sequences initiated by a transient.  
The long-term sequences involve a loss of AFW secondary cooling and subsequent failure of 
either bleed and feed core cooling or long-term recirculation core cooling. The short-term 
accident sequences involve an ATWS plant damage state with failure to provide adequate 
reactivity control. Their behavior is assumed to be similar to that of a total loss of heat sink 
event. Without adequate secondary cooling, steam generator dryout occurs and high or low
high RCS pressure results. Unable to reduce RCS pressure, high and low-head safety 
injection are precluded. RCS boil-off ensues and core damage. Late injection is available 
provided the RCS is depressurized (i.e., upon vessel failure or a large temperature induced 
break in the RCS). Containment heat is removed by containment fan coolers units or the

1-12



Table 1.5.1.2

Internal Events Plant Damage State Group Frequencies

PDS Simplified Description 5th Mean 95th % of Total 
Group Percentile Percentile Core 

Damage 
Frequency 

SBO SBO event with loss of secondary cooling 1.77 x 10-6  1.02 x 10' 3.22 x 10-'  23.2 
from the turbine-driven AFW pump results 
in core damage at high RCS pressure, or 
stuck-open PORV or RCP seal LOCA 
results in core damage at low-high RCS 
pressure. All accident mitigating functions 
are recoverable when ac power is restored 

TRANS Transient-initiated plant damage-state 1.52.x 10-6 L80 x 10 5.11 x 10.s 40.9 
involving a loss of secondary cooling. Core 
damage results at high or low-high RCS 
pressure from a failure to perform bleed
and-feed cooling or on loss of long-term 
recirculation cooling. Late injection and 
containment heat removal are available.  

LOCAs Large or small break LOCA with initial or 6.06 x 10"7  1.31 x 10"' 3.37 x 10"5  29.8 
long-term loss of core cooling. Core damage 
results at low or low-high RCS pressure. For 
most plant damage states, late injection and 
containment heat removal are available.  

V_SEQU Large or small break interfacing system 3.41 x 10- 2.40 x 10-7  7.50 x 10.7  0.5 
LOCA outside containment. Core damage 
results at low or low-high RCS pressure 
with a bypassed containment.  

SGTR Long-term SGTR event coupled with failure 4.46"x 10' 2.42 x 10-6 7.38 x 10-6 5.5 
to perform RCS cooldown and 
depressurization, stuck-open steam generator 
SRV, or loss of secondary cooling and 
primary bleed-and-feed core cooling. Core 
damage results at high or low-high RCS 
pressure. Late injection, containment heat 
removal, and containment sprays are 
available. However, the containment is 
bypassed.
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RHR heat exchangers.

Plant damage state group 3 represents 29.8 percent of the total core damage frequency. It 
results from short-term LOCA and ATWS-induced large LOCA accident sequences and long
term small break LOCA accident sequences. In most cases, RCS boiloff ensues because of a 
failure to align long-term recirculation cooling or random mechanical faults in the 
recirculation and RHR systems. All of the large LOCA sequences proceed to core damage at 
low RCS pressure (<675 psia); the intermediate and small LOCAs proceed to core damage at 
low-high RCS pressure (>675 psia, < 2350 psia). In certain scenarios, initial core cooling 
injection is lost and thus the only means of providing water from the RWST into the 
containment sumps is by containment spray system operation or gravity drain from the 
RWST. Otherwise, long-term recirculation core cooling fails because of operator error or 
random mechanical faults.  

Plant damage state group 4 representing 0.5 percent of the total internal core damage 
frequency. It results from short-term large and long-term small LOCAs outside containment 
(V-Sequences): a break in the low pressure system piping that interfaces with the RCS occurs 
outside containment and RCS and RWST inventory discharges into the primary auxiliary 
building (PAB). With long-term recirculation cooling precluded, RCS boil-off ensues. Core 
damage proceeds at either low or low-high RCS pressure with a bypassed containment.  

Plant damage state group 5 represents 5.5 percent of the total internal core damage frequency.  
It results from steam generator tube rupture (SGTR) events. RCS boil-off occurs because of 
an inability to align long-term recirculation cooling from the containment sumps. Core 
damage ensues at low-high RCS pressure (>675 psia, < 2350 psia) with the containment 
bypassed. The SGTR PDS group involves a stuck-open steam generator safety relief valve, 
a failure to perform timely RCS depressurization, or a loss of heat sink (secondary cooling).  

1.5.1.3 Accident Progression and Source Term Analysis 

A containment event tree was developed to model the progression of accidents from incipient 
core damage through core-concrete interactions and containment failure. Each accident 
progression sequence was then assigned to an accident progression category (or bin) defined 
by the top events of the containment event tree and source terms were estimated for every 
outcome. The source terms were characterized according to the timing (early/late) and 
magnitude (low/low-medium/medium/medium-highlhigh) of the release. Again, the results 
can be described in terms of the five plant damage state groups.  

Plant damage state group 1 results from station blackout sequences. It has a 0.75 conditional 
probability of producing a source term release. In only two of the twenty most probable bins 
is core damage arrested and vessel failure prevented after the recovery of ac power during 
core degradation. For the remaining eighteen most probable bins, vessel failure occurs. Ten 
of these bins, however, are predicted to end with no containment failure. This outcome
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results from the strength of the containment, an enhanced ability to cool debris (arising from 
water in reactor pit or the large reactor pit surface area); restoration of ac power, and the 
availability of containment heat removal (sprays or containment fan coolers units). The 
remaining eight bins consist of early or late containment failures in which a leak or rupture 
occurs. When containment failure occurs late, source term releases into the containment 
atmosphere have time to adhere (plate-out) onto cooler RCS and containment surfaces and a 
late-medium source term results. The principal causes of late containment failure are basemat 
melt-through, containment overpressure resulting from core-concrete interactions, and late 
hydrogen bums.  

The conditional probability of early containment failure (i.e., containment failure before or 
close to the time of vessel failure) for plant damage state group I is 0.02. The conditional 
probability of an early source term release is 0.02. The conditional probability for a late 
source term release is 0.73 with late-medium, late-low, and late-medium-low source terms.  

Plant damage state group 2 results from transient sequences and has a 0.10 conditional 
probability of producing a source term release. In two of the twenty most probable bins, core 
damage is arrested because early injection to the RCS is restored, precluding vessel and 
containment failure. While for the remaining eighteen most probable bins, vessel failure 
occurs, no containment failure is predicted for thirteen of these bins because of the presence 
of water in the reactor pit to cool debris and prevent containment overpressure failure, the 
availability of containment heat removal, and the strength of the containment.  

For plant damage state group 2, the conditional probability of early containment failure is 
0.006.. The conditional probability for late containment failure is 0.094, the principal 
contriutors being steam/noble gas overpressure failure (resulting from a failure to cool the 
debris~ bed), basemat melt-through, and steam overpressure failure (resulting from the 
unavailability of containment heat removal as the debris cools). The conditional probability 
of an early source term release is 0.006. The conditional probability for a late source term 
release is 0.094 percent. The resulting late source terms are defined as late-medium and late
low source terms.  

Plant damage state group 3 results from loss of coolant accident (LOCA) sequences. It has a 
0.073 conditional probability of producing a source term release. In. four of the twenty most 
probable bins, core damage is arrested and vessel failure prevented because early injection 
(recirculation mode) to the RCS is restored during core degradation. For the remaining 
sixteen bins, vessel failure occurs. However, no containment failure is predicted for thirteen 
of these bins. The remaining three bins consist of late containment leak failures. Late 
containment failure can be attributed to the strength of the containment and to the LOCA 
initiator resulting in accident progressions in which low or medium RCS pressures preclude 
such early containment failure phenomena as high pressure melt injection, rocketing, and 
direct containment heating. For late containment failures, the source term release from the 
RCS into the containment and to the environment was categorized as late-low or late-medium.
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The conditional probability of early containment failure for plant damage state group 3 is 
0.0008. The conditional probability for late containment failure is 0.073, the principal 
contributors being basemat melt-through and steam/noble gas overpressure failure because the 
debris bed is not cooled and containment heat removal is-unavailable. The conditional 
probability of an early source term release is 0.0008. The conditional probability for a late 
source term release is 0.073 resulting in late-medium and late-low source terms.  

Plant damage state group 4 results from interfacing system LOCA (V) sequences. This plant 
damage state group will produce a source term release. Furthermore, because RCS and 
RWST inventory is located outside containment and long-term recirculation core cooling is 
precluded, the containment building and engineered safeguard features have minimal impact 
on the source term release and this plant damage state group results in early-high or early
medium source terms.  

Plant damage state group 5 results from steam generator tube rupture (SGTR) sequences.  
Because the containment is bypassed at the onset of core damage, a source term release 
results. Nine accident progression bins have probabilities greater than 1 0'. They result in 
RCS and RWST inventories outside containment resulting in early-medium or early-high 
source terms.  

A series of insights could also be gained from the containment event tree and source term 
analysis.  

Core Damage Arrest. The probabilities for the arrest of core damage and avoidance of 
vessel and containment failure are higher for transient and LOCA plant damage state groups 
than for the station blackout group because of the higher probability of early injection to the 
RCS during core degradation- in the former groups. For station blackouts, the probability of 
ac; power recovery before core damage is relatively high and the probability of ac; power 
recovery after core damage but before vessel failure is correspondingly low. Therefore, the 
conditional probability of restoration of early injection and core damage arrest for station 
blackouts is low.  

Because core damage arrest precludes containment failure, radionuclide releases will be small 
source term releases that pass through normal containment leakage paths (penetrations of the 
containment structure).  

Early Containment Failure. Containment failure before, at, or shortly after vessel 
failure is a major contributor to an early offsite source term release. The mean conditional 
probabilities for early containment failure are 0.02 for the station blackout group, 0.006 for 
the transient group, 0.0008 for the LOCA group, and unity for both the steam generator tube 
rupture and interfacing system LOCA groups in which there is containment bypass from the 
onset of core damage.
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The low conditional probabilities for the station blackout, transient, and LOCA plant damage 
state groups reflect the strength of the containment relative to the containment loads predicted 
.for reactor vessel failure, should it occur, and the high probability that the vessel does not, in 
fact, fail in these accident sequences.  

Late Contain men-t Failure. The most probable outcome-to the accident is late or no 
containment failure unless the initiator itself causes containment bypassing. This outcome can 
be attributed to the strength of the containment and to the enhanced debris cooling occasioned 
by the large reactor pit surface area (which reduces the probability of core-concrete 
interactions) and the availability of a late water supply for core cooling (and co re damage 
arrest) or debris cooling after vessel failure. The most probable late containment failure 
modes for the station blackout group are basemat melt-through, containment overpressure, and 
late hydrogen bums. For the transient and LOCA groups, the most probable late containment 
failure modes are steam/noble gas overpressure failure and basemat melt-through.  

ICore-Concrete Interactions. For the transient and LOCA plant damage state groups, 
core debris will likely be cooled by an overlying pool of water and, consequently, either no 
core-concrete interactions occur or releases from the core-concrete interaction are scrubbed by 
the water, reducing the source term. The high probabili ties of cooling core debris result from 
the high probability of the RWST inventory accumulating in the reactor pit (making initial, 
debris cooling more likely) and the containment sumps (allowing for continued debris cooling 
by recirculation cooling). In contrast, in the station blackout plant damage state group, the 
condit ional probabilities of ac power recovery and availability of water for debris cooling are 
lower. In SGTR and V-sequence plant damage state groups, the RWST water inventory is 
ultimately discharged outside containment, ensuring core-concrete interactions upon vessel 
failure.  

Late Water Supply. The higher conditional prbilt oflt ota iment failure for 
the station blackout plant damage state group can be attributed to the lower conditional 
probability of a late water supply to the reactor pit and containment sumps through the RCS.  
Without this late water supply, core-concrete interactions, and thus containment failure, are 
likely. In the transients and LOCA groups, a high probability of late water supply results in a 
correspondingly low probability of containment failure. In addition to minimizing core
concrete interactions, late water supply will also ensure sufficient water in the containment 
sumps water to achieve late containment spray operation in the recirculation mode and 
significant airborne fission product scrubbing. Such scrubbing will significantly lower the 
environmental source term.  

Containment Performance. The conditional probabilities and frequencies of 
containment failure resulting from internal events are shown in Figure 1.5.1.2. Containment 
failure is unlikely to occur because of the containment strength, and the predicted availability 
of late containment heat removal and low RCS pressures at vessel failure that make such 
energetic events as high pressure melt injection and direct containment heating that might fail 
the containment unlikely. Low RCS pressures at vessel failure result from large RCS breaks,
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stuck-open pressurizer PORV/SRV, pressurizer surge line or RCS hot leg pipe thermal/creep 
failure or manual opening of the PORVs for RCS depressurization during core damage.  

The conditional probabilities of late containment failure are split almost evenly between 
basemat melt-through and late containment overpressure failure. Early containment leak 
failure is caused almost entirely by containment bypass conditions occasioned by the initiating 
event (i.e., steam generator tube rupture and outside containment LOCAs). The late 
containment rupture failures are almost all attributed to late hydrogen burns in the 
containment. The probability of early containment rupture failure is negligible--the only 
causes of this failure mode are large break outside containment LOCA (V-sequence) events.  

Finally, it should be noted that the performance of the IP3 containment structure is similar to 
the NUREG- 1150 reference plant, Zion Unit 1 [16]. The one major difference, in conditional 
probabilities of early containment failure, was attributed to the more realistic modeling of 
containment bypass initiators, steam generator tube ruptures and LOCAs outside containment 
in this study.  

Radionuclide Release. The conditional probabilities and frequencies of radionuclide 
release categories resulting from internal events are shown in Figure 1.5.1.3. Because the 
dominant containment end states are no or late containment failure, late releases dominate the 
resulting radionuclide releases. The principal radionuclide release categories are medium 
(0.01 to 0.1 of the total cesium and tellurium fractions) or low (10-4 to 0.01 of the total 
cesium and tellurium fractions) in magnitude.  

Although plant damage states initiated by transients dominate the total internal core damage 
frequency, late radionuclide releases are dominated by accident progressions initiated by 
station blackout events induced by a non-recoverable internal flood or a loss-of-offsite power 
with no ac power at core damage. These progressions result in late containment failures and 
significant core-concrete interactions.  

The containment performance analysis demonstrated that early radionuclide releases are 
dominated by steam generator tube ruptures (SGTR) and LOCAs outside containment (V
sequence). The most probable early release categories are medium-high or medium releases 
initiated by SGTRs. Early high releases are unlikely and can be caused only by V-sequence 
progressions.  

1.5.2 UNCERTAINTY CONSIDERATIONS 

The conclusions presented above are incomplete unless the results of uncertainty calculations 
are considered. Uncertainty is associated with both the probability of events and the failure 
models themselves. These uncertainties are propagated in quantification to create the 
uncertainty associated with the core damage frequency. For IP3, the total mean core damage 
frequency resulting from internal causes, 4.40 x 105 /year, has an associated 95 percent upper
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Figure 1.5.1.2 
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Figure 1.5.1.3 
Radionuclide Release Category Summary 
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Figure 1.5.2.1 
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Figure 1.5.2.2 
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bound value of 1.09 x 1 04/year and a 5 percent lower bound value of 9.07 x 10 6/year. The 
cumulative probability distribution and probability density function for the frequency of core 
damage caused by internal events are presented in Figures 1.5.2.1 and 1.5.2.2, respectively.  

.The principal causes of uncertainty in the core damage frequency are the uncertainties in the 

.data associated with the following events: 

• Reactor protection system failure 

w Panel faults at 125-Vdc power panel 32 

* Internal flooding of control building switchgear 

n Interfacing LOCA initiating events 

m Common-cause failure of the 480-V switchgear.  

1.5.3 CORE DAMAGE--COMPARISON TO INDIAN POINT UNIT 2 INDIVIDUAL 
PLANT EXAMINATION 

The results of the Level I analysis in this study were compared with those presented for 
Indian Point Unit 2 (IP2) [3]. While such a comparison provides useful insights into the 
effects of differences in plant design, procedures, and success criteria, a detailed comparison 
of the IPEs performed on IP2 and IP3 is made difficult by the difference in the methodologies 
used. The IPE prepared for IP3 employed the small event tree/large fault tree methodology 
used in the NUREG- 1150 studies [5,6,7,8,9], considerable effort being devoted to the 
delineation of accident sequences. In contrast, the IPE prepared for IP2 used a large event 
tree/small fault tree methodology similar to that used in the IPPSS. These models were 
updated to reflect changes in systems, equipment and procedures implemented since 
completion of the IPPSS and accounted for common-cause failures using a state-of-the-art 
model. While the methods employed in the IP3 and IP2 IPEs are mathematically equivalent, 
in practice assumptions about the level of detail, the grouping of components, and the 
application of recovery analysis will vary and so also will the predicted core damage 
frequency. That said, the core damage frequencies predicted for IP3 and IP2 are basically 
similar though significant differences do exist.  

The total internal mean core damage frequencies (excluding internal flooding, which was not 
modeled at IP2) were estimated to be 3.2 x 10"5/year for IP2 and 3.75 x 105/year for IP3.  
The principal contributors to internal core damage frequencies at IP3 and IP2 are compared in 
Table 1.5.1.1.  

Both IPEs determined that the principal causes of core damage are accident sequences 
initiated by transients. The mean core damage frequencies resulting from such sequences are
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1.28 x 10 5/year for IP3 and 1.40 x 10-5/year for IP2. While both analyses point to the loss of 
auxiliary feedwater as an important contributor to the overall core damage frequency, at IP3 
the principal cause of a loss of AFW appears to be ventilation failure in the auxiliary boiler 
feedwater building pump room. In contrast, hardware failures dominate at IP2.  

The second most important contributor to core damage at both IP3 and IP2 are LOCAs. In 
both cases, LOCAs contribute about 1 05/year to the core damage frequency.  

The third most important contribution to core damage frequency at IP3 results from ATWS 
events. A contribution of 8.67 x 106/year was predicted for IP3; a contribution of 1.8 x 
106/year for IP2. This difference in contributions would appear to result from the assumption 
in the IP3 IPE that the PORV block valves are closed (reflecting operations at IP3 in the most 
recent fuel cycles). In contrast, in the IP2 IPE, block valves were assumed to be open for a 
non-zero fraction of the time. The closure of the block valves inhibits the ability to relieve 
RCS pressure and prevent the peak RCS pressure from exceeding 3200 psig during postulated 
ATWS events. Peak pressures in excess of 3200 psig were assumed to result in the loss of 
RCS integrity and possible core damage. As noted above, modifications have been made to 
the PORVs at IP3 that are.expected to prevent leakage through them and thus to allow 
operation with their block valves open.  

The fourth most important contribution to the core damage frequency at IP3 (6.51 x 1 06/year) 
resulted from accident sequences initiated by internal flooding. This contribution was not 
considered in the IP2 IPE, being deferred to the individual plant examination for external 
events (IPEEE).  

Station blackout events comprise the fifth most important contributor to the core damage 
frequency at IP3, contributing 4.77 x 106/year. The contribution of station blackout events 
to the core damage frequency at IP2 is very similar (4.5 x 106/year).  

Steam generator tube ruptures rank sixth in their contribution to the core damage frequency at 
IP3. Their contribution of 2.42 x 106/year is similar to the contribution of 1.6 x 106/year 
predicted for IP2. The difference in calculated contributions to core damage frequency would 
appear to result from the more conservative estimates of human error probabilities used in the 
IP3 IPE.  

Finally, the seventh most important contribution to the core damage frequency at IP3 comes 
from interfacing loss of coolant accidents (ISLOCAs). The IP3 ISLOCA 2.46 x 10"7/year 
contribution is a factor of ten greater than the contribution calculated for IP2. The difference 
in contributions would appear to result from the number of lines investigated for ISLOCAs.
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1.5.4 CORE DAMAGE--COMPARISON TO INDIAN POINT PROBABILISTIC 
SAFETY STUDY 

'The results of this study were also compared with those presented for IP3 in the Indian Point 
Probabilistic Safety Study (IPPSS) published in 1982 [10] and the differences between the 
two studies were investigated.  

In this study, the total internal mean core damage frequency was estimated to be 4.4 x 
10 5/year. In the IPPSS, the total internal mean core damage frequency was estimated to be 

'1.3 x 10"/year, the dominant causes being identified as loss of coolant accidents (mainly small 
LOCAs) which contributed 94 percent of the internal event induced causes of core damage, 
turbine trips associated with a loss of offsite power which contributed 4 percent of the internal 
event induced causes of core damage, and the loss of main feedwater, which contributed 1.3 
percent of the internal event induced causes of core damage.  

A comparison of the results of this present study to those in the IPPSS (Table 1.5.1.1) thus 
shows both that the overall estimate of the core damage frequency arising from internal events 
is lower here than was predicted in the IPPSS and that the relative contributions to core 
damage frequency have changed. A number of reasons for this were presented in the IP2 IPE 
[3]. In particular, we would note four: 

" The implementation of emergency operating procedures that direct the operators to 
depressurize the reactor coolant system and utilize the low-head injection pumps 
following small and medium LOCAs and the failure of high-head injection pumps.  

" The adoption of a more realistic, time-dependent reactor coolant pump seal LOCA model.  
This model significantly reduces the contribution from station blackout accidents.  

" Increased estimates of human error probability associated with the initiation of feed-and
bleed cooling following a loss of secondary side cooling.  

" The recognition of the impact of unfavorable exposure time (and thus the ability to 
control peak reactor coolant pressure) upon ATWS events.  

Finally, in its review of the IPPSS, the NRC identified a number of omissions and other items 
with which they took issue [11,12]. This study has addressed all NRC comments upon the 
IPPSS. Their applicability to, and resolution in, this study are discussed in Appendix A.
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1.5.5 CONTAINMENT PERFORMANCE--COMPARISON TO INDIAN POINT 
PROBABILISTIC SAFETY STUDY AND INDIAN POINT UNIT 2 INDIVIDUAL 
PLANT EXAMINATION 

The results of the containment performance analysis in this study were compared with those 
presented for IP3 in the Indian Point Probabilistic Safety Study (IPPSS) [10] and for IP2 in 
the IP2 IPE [3]. The- frequencies of the principal internal containment failure modes in the 
three studies are presented in Table 1.5.1.3. Although differences in containment failure 
frequencies exist between the three studies, due primarily to differences in predicted core 
damage frequencies and their dominant causes, the overall containment performance results 
are similar in many respects: 

" Containment failure is unlikely to occur because of the containment strength. The 
containment strength is high compared to the loads expected during a severe accident 
progression.  

* Early containment failure is unlikely.  

" Early radionuclide releases are dominated by steam generator tube rupture events.  

" Containment bypass caused by loss of coolant accident outside containment is most 
unlikely.
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Table 1.5.1.3

Comparison of Containment Failure Mode Frequencies 
(Given Core Damage)

Containment Failure IP3 IPE IPPSS IP2 IPE 

Mode [41 131 

No Containment Failure 2.70 x 10-' 1.24 x 10-4  2.65 x 105 

Late Containment Failure 9.48 x 106 4.93 x 10-7  2.82 x 10- 6 

Basemat Melt-through 4.17 x 10-6 NA NA 
Steam/NG overpressure 4.39 x 10-6  NA NA 
Hydrogen bums 9.11 x 10-7  NA NA 

Bypassa 2.15 x 10-6  2.17 x 106 1.94 x 10-6 

SGTR with SOV 6.10 x 10-7  3.73 x 10-7 

SGTR without SOV 1.21 X 10-6 1.60 x 10.6 1.54 x 10-6** 

Induced SGTRs 8.86 x 108 NA 
Interfacing LOCA 2.45 x 10-7  5.70 x 10-7  2.68 x 108 

Early Containment Failure 2.74 x 10-1 1.92 x 10-9  4.12 x 10"s 

Steam Explosion 4.12 x 10-9  NA 1.68 x 10O 
ALPHA 3.92 x 10-9  NA NA 
ROCKET 1.97 x 10i' NA NA 

Containment isolation 7.16 x 10-9  NA 1.47 x 10-8 

Hydrogen bums 7.80 x 10-8 NA NA 
Vessel overpressure 1.85 x 10-7  NA NA 
Ex-vessel FCI -0 NA NA

* Value reflects total contribution of SGTR and interfacing LOCAs.  

Includes contribution from SGTR initiating events and high temperature induced SGTRs.

1-27



1.5.6 INSIGHTS AND RECOMMENDATIONS

A number of insights were gained as a result of the exhaustive analysis of system W 
behavior, human error, dependencies and interactions. In particular, a number of human 
recovery actions were found to be particularly important to achieving stable plant 

conditions: 

" Initiation of Primary Bleed-and-Feed Cooling. The initiation of primary bleed-and
feed cooling, is taken in accident sequences that involve a total loss of secondary side 

cooling and, in particular, a failure to establish AFW flow. The time available to 
initiate bleed-and-feed cooling (and thus the probability of human error in taking this 
action) is determined by the time at which the reactor coolant pumps (RCPs) are 
tripped and whether the PORV block valves are open when the reactor trip occurs.  
With respect to this latter factor, the recent modification to eliminate leakage through 
the PORVs and allow the plant to run with the block valves open will enhance the 
likelihood of successfully initiating bleed-and-feed cooling.  

" Initiation of High- and Low-Head Recirculation Flow. The initiation of high- and 
low-head recirculation flow, entails the alignment of ECCS pumps for cold-leg sump 
recirculation using recirculation or RHR pumps. For high-head recirculation, these 
pumps provide water to the HHSI pumps. These actions are taken in response to an 
RWST low-low level alarm following a loss of coolant event. High-head 
recirculation will be initiated if reactor coolant pressure is above the shut-off head of 
the recirculation or RHR pumps. Low-head recirculation will be initiated otherwise.  

* Perform Early or Late RCS Cooldown and Depressurization. This operator action 
is taken after a steam generator tube rupture event and entails the cooldown of the 
reactor coolant system (RCS), using the intact steam generators, and its 
depressurization, using the pressurizer spray valves or PORVs, to reduce and 
eventually terminate flow of reactor coolant into the ruptured steam generator. A 
failure to perform this action results in an eventual depletion of RWST inventory and 
in an inability to continue core cooling.  

Other measures that would reduce the risk of core damage and loss of decay heat removal 
were also identified in this IPE. Some of these measures have been, or are being, 
implemented and thus are reflected in the risk assessment: 

m Open City Water Supply Valve for Alternative AFW Pump Suction. This 
operator action is taken to recover from the plugging of condensate storage tank 
(CST) isolation valves CT-6 or CT-64. The plugging of these valves subsequent to a 
reactor trip and loss of main feedwater will cause the AFW pumps to trip on low 
flow, a major potential cause of a loss of secondary-side cooling. To address this 
possibility, the plant is modifying the emergency operating procedures to instruct the 
operators to align the backup city water supply to the AFW pumps should the CST 
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outlet valves fail, as indicated by a low suction flow alarm.

n Provision of Alternative AFW Pump Room Ventilation. The operator is required 
to establish ventilation to the auxiliary boiler feed pump room should normal room 
ventilation fail. A loss of ventilation to this room while the AFW pumps are running 
will result in the failure of the motor-driven pumps.and isolation of the steam supply 
to the turbine-driven AFW pump. While a high AFW pump room temperature will 
be alarmed in the control room, previous alarm response procedures only addressed 

fires and steamline ruptures. Therefore, to guard against a loss of ventilation and its 

consequences when the AFW pumps start, the alarm response procedure for high 

pump room temperature is being revised to direct the operator to open the roll-up 
door to the AFW pump room to ventilate the room.  

* Provision of Alternative Switchgear Room Ventilation. The operator is required to 
establish switchgear room ventilation should normal room ventilation fail. A failure 
to do so would result in the irrecoverable loss of 480-Vac safety-related switchgear, 
effectively causing a station blackout. To address this possibility, a modification is 
being implemented to provide for a control room alarm on high switchgear room 
temperature. An associated alarm response procedure will direct the operator to open 
the doors leading into the control building switchgear room and align a portable fan to 
ventilate the room.  

m Align Alternative Safe Shutdown Equipment to MCC 312A. Flooding of the 480
Vac switchgear room on the 15-ft elevation of the control building might cause all 
safeguards buses to fail. To address this possibility, emergency operating procedures 
are being revised to emphasize the need to align the safe shutdown equipment to 
MCC 312A during events involving a loss of all 480-Vac safeguards buses while 
offsite power is available, as well as during fire-related events.  

Other measures are recommended but have still to be reviewed to determine whether the 
overall risk posed by core damage warrants any additional action and whether the benefits 
to be derived from implementation of the specific actions justifies the cost of their 
implementation.  

" Ensure Correct Post-Maintenance Component Alignment. Many current 
procedures for functional tests call for components to be returned to their "as-found" 
conditions after the tests. This direction may result in a lost opportunity to correct 
improper component positions. It is therefore recommended that functional test 
procedures require that equipment be restored to its normal position (or the position 
required by the shift supervisor or senior reactor operator) and that the "as-found" and 
"as-left" tables in the procedure include a column for "normal" position.  

" Expand the Scope of Diesel Generator Functional Tests. Performance tests of the 
diesel generator ventilation systems are not included in the functional tests of the
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corresponding diesel generators (diesel generator functional tests 3PT-M79A/B/C). Of 
particular concern, the lack of verification of the exhaust-fan auto-start controls or that 
rated flow is achieved.  

n Provide Explicit Guidance to restore Main Feedwater in Functional Restoration 
Procedure FR-H.1 When a loss of secondary heat sink is indicated, the operators 
will implement functional restoration procedure FR-H. 1. At present, while FR-H. I 
provides explicit guidance to the operators for depressurizing the secondary side and 
aligning the condensate system, no such guidance is given for restoring the flow of 
main feedwater.  

No attempt was made to identify specific actions that would reduce the consequences of 
radionuclide releases. Such actions will be evaluated, however, in the development of 
severe accident management plans.
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Section 2

EXAMINATION DESCRIPTION 

2.1 INTRODUCTION 

The individual plant examination of the Indian Point Unit 3 Nuclear Power Plant was made to 
meet the requirements of the Nuclear Regulatory Commission's Generic Letter No. 88-20. It 
did so by employing state-of-the-art methodologies prepared or reviewed by, or for, the NRC.  
These methodologies and the procedures followed in conducting the examination will now be 
described..  

2.2 CONFORMANCE WITH GENERIC LETTER AND SUPPORTING 
MATERIAL 

This IPE conforms fully with the Generic Letter [1] and the IPE submittal guidance issued by 
the NRC [2]. It has also made extensive use of the methodologies and data prepared or 
reviewed by or for the NRC. Conformance with the Generic Letter is demonstrated by this 
submittal on the level 1 PRA and containment performance analysis completed for 1P3, by the 
dominant role played in its preparation by the staff of the New York Power Authority, by the 
changes to plant hardware and procedures proposed as a result of this IPE to help prevent or 
mitigate severe accidents, and by the future applications that the New York Power Authority 
envision for this IPE in supporting licensing actions and renewal, in severe accident 
management, and in integrated safety assessment. Finally, the Authority has attempted to 
ensure that questions asked by the NRC -of the IPE prepared, for the Authority's James A.  
FitzPatrick nuclear power plant that are also applicable to IP3 are addressed in this IPE.  

2.3 GENERAL METHODOLOGY 

The methodology adopted by the New York Power Authority satisfies the requirements of the 
NRC for performing an IPE: a level I PRA was performed using current methods; the 
containment performance analysis follows the general guidance given in Appendix 1 to the 
Generic Letter. The small event tree/large fault tree approach was adopted.  

2.3.1 EVENT TREE MODELING 

The identification and evaluation of accident sequences entailed the modeling of event 
sequences described by the occurrence of an initiating event and the subsequent responses of



systems. The responses determine the status of the core and containmenf--the delineation of 
the sequence terminates with a determination of whether the core is in a stable, vulnerable, or 
damaged state and whether the containment is intact, failed or vulnerable.  

Accident sequences were modeled using event trees--logic diagrams at the system level of 
detail that describe possible sequences of events that follow the occurrence of each initiating 
event. The procedures used to perform the event tree modeling and accident sequence 
analysis are those described in NUREG/CR-4550, Vol. 1, Rev. 1 [9].  

2.3.2 SYSTEMS ANALYSIS 

The systems analysis comprised the development of fault tree models for the systems depicted 
in the event trees and for their support systems, and the development of plant-specific failure, 
human-error, and common-cause-failure data with which to quantify the event sequences that 
lead to core damage.  

The fault trees were developed as suggested in the PRA Procedures Guide [13], NUREG/CR
4550, Vol. 1, Rev. 1 [9], and other recent PRAs. Particular attention was paid to the 
assumptions made in creating the trees.  

The development of the plant-specific failure data base entailed establishing a generic data 
base, determining component failure rates or demand probabilities from plant data, and 
aggregating the generic and plant data into a plant-specific data base using Bayesian updating.  
The human error data base was compiled using the methodology described in the Accident 
Sequence Evaluation Program - Human Reliability Analysis Procedure (NUREG/CR-4772) 
[14]. Where limitations of the ASEP HRAP were encountered or where more detailed 
analysis was required, the Handbook of Human Reliability Analysis, NUREG/CR-1278 [47], 
was used. The operators were also observed in accident sequence simulation exercises. The 
observations made provided qualitative and quantitative information necessary to obtain 
reliable estimates of human error probabilities.  

In preparing the initiating event database, all scrams that occurred between January 1976 and 
December 1992 were included in the initiating event data base used in the IPE. The plant
specific hardware failure and unavailability data were taken from the seven years of plant 
operation between 1/1/1985 and 12/31/1991. While we would assert this was an entirely 
reasonable approach, we acknowledge the desirability of maintaining an updated component 
failure and unavailability database and of using these updated data in the IPE.  

That said, new plant data are not expected to have a great effect on the component failure 
data employed within the IPE; nor are they expected to dramatically affect the predicted core 
damage frequencies. The effect of new plant data will be limited because, as in all recent 
PRAs, the failure data used in the IP3 IPE are an aggregation of plant failure data and generic 
data (Section 3.3.2.2). This approach to the development of a plant-specific failure data base
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is adopted to provide a quantitatively consistent representation of expected equipment 
performance. With it, the use of generic data and the increased time span for plant data will 
dampen the effects of any short-term change in failure rates.  

New plant data may, however, change component and system unavailabilities significantly if 
tests and maintenance are performed more. frequently, because the resulting test and
maintenance unavailabilities are not subjected to a Bayesian update process prior to being 
used in system models.  

2.3.3 "BACK-END" ANALYSIS 

The back-end analysis focused on the propagation of accident sequences following the start of 
core damage. It entailed several steps. First, accident sequences that yield similar accident 
progressions were assigned to groups characterized by plant damage states that define the 
status of the reactor, containment, and core-cooling systems at the time of core damage. After 
defining plant damage states, the thermal-hydraulic behavior of the reactor and containment, 
and in- and ex-vessel fission product behavior were modeled using Version 16 of the Modular 
Accident Analysis Program (MAAP) 3.OB for Pressurized Water Reactors.  

Next, the causes and circumstances of containment failure were characterized. A containment 
event tree was then used to model and quantify all potential containment failure modes for 
each plant damage state. The accident progression sequences were then assigned to accident 
progression "bins" that describe the sequence in sufficient detail to calculate a source term for 
the -accident progression. Finally, radionuclide release categories were defined for the 
accident progressions; 

2.3.4 DEPENDENCY TREATMENT 

Both dependent and subtle failures were addressed as part of the treatment of dependencies in 
this study. Dependent failures are failures that defeat the redundancy or diversity employed to 
improve the availability of plant functions. They involve two types of relationships between 
components: explicit dependencies; and failure mechanisms that affect more than one 
component but are not modeled. Explicit dependencies were included in the fault tree 
models; the other dependencies were addressed as common-cause failures.  

Subtle failures occur as design-related inadequacies. A review of plant operating experience 
was made to determine if subtle failures had occurred. Subtle failures to which other plants 
were subject were also reviewed to ascertain their applicability to IP3.



2.3.5 VULNERABILITY IDENTIFICATION AND TREATMENT*

Accident sequences developed in the event trees were quantified by linking fault trees and 
solving the resultant accident sequence equation to obtain minimal cut sets. A truncation 
value of 10o-9, excluding initiating event frequency, was used in accident sequence 
quantification. This represents a screening criterion that is more conservative than that 
proposed by the NRC [1, 2] and ensures that the causes of at least 95 percent of the accident 
sequence frequency are computed. After quantification, dominant accident sequences were 
reviewed to ensure their validity and to ascertain if recovery actions are feasible. The validity 
check was made to confirm that sequence success criteria were not violated and that sequence 
cut sets did not imply the violation of Technical Specifications. The dominant accident 
sequence cut sets were also reviewed for potential human recovery actions, and, where 
recovery is possible, requantified to account for non-recovery.  

Vulnerabilities were identified both from a review of the dominant accident sequences and a 
determination of three measures of importance: risk reduction, risk increase, and uncertainty.  
Clearly it is those events that contribute most to risk increases (if their probability increases), 
risk reductions (if their probability decreases), and uncertainty that should be focused on in 
any attempt to diminish risk.  

In identifying vulnerabilities to which 1P3 is susceptible, particular attention was paid to 
unresolved safety issues and generic issues and, in particular, to the evaluation of decay heat 
removal and the potential for reactor coolant pump seal loss-of-coolant accidents. The 
evaluation of loss of decay heat removal entailed the quantification and review of accident 
sequences that result in a loss of deacy heat removal. In addressing reactor coolant pump seal 
LOCAs, three scenarios were examined: random seal failure on one reactor coolant pump 
because of mechanical or maintenance-induced failure; multiple seal failures caused by a loss 
of seal cooling occasioned by failures of the thermal barrier cooling and seal injection 
systems; and multiple seal failures caused by a total loss of seal cooling occasioned by station 
blackout.  

2.4 INFORMATION ASSEMBLY 

2.4.1 PLANT LAYOUT AND CONTAINMENT BUILDING INFORMATION 

The bulk of the plant layout and containment information used in this IPE is contained within 
system descriptions, design drawings and documentation, and the Final Safety Analysis Report 
(FSAR) [10]. Safety-related aspects of recent modifications are described in the safety 
evaluation reports included in the modification packages.
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2.4.2 PREVIOUSLY PERFORMED PRAs AND IPEs

IP3 was the subject of a previous probabilistic safety study [4] that received a detailed NRC 
review [ 11]. In addition, PRAs have been performed under the auspices of the NRC on 
nuclear power plants similar to IP3. These PRAs and NRC comments upon them were 
reviewed in the course of this IPE, particular attention being paid to the analyses performed 
upon Surry Nuclear Power Plant Units 1 and 2 [5,6] under NUREG- 1150.  

The intent of these reviews of previously performed probabilistic safety studies or 
probabilistic risk assessments was not to acquire a template for performing the PRA--such a 
purpose is precluded by differences in plant design and operation and in the sources and 
availability of failure data, and by the report format required for this IPE--but rather to: 

" Ascertain whether the assumptions made in the event tree modeling and systems analysis 
were appropriate for this IPE 

" Provide a basis for the generic data base and an object of comparison for other plant
specific, common-cause, and human-error data bases 

" Gain insight into the detail and emphasis of previous reports and submittals 

" Ensure that, in preparing submittals to the NRC on this IPE, detail which could simply be 
referenced was not repeated.  

The review of previously performed PRAs and IPEs, therefore, facilitated both the 
performance and review of this IPE.  

2.4.3 DESCRIPTION OF PLANT DOCUMENTATION 

The plant documentation used in this IPE is listed in Table 2.4.3.1. This documentation is the 
most recent available. Where documentation was revised or issued while this IPE was being 
prepared (i.e., prior to April 1994), the analyses were changed to reflect any changes affecting 
the models or the results of this IPE. This update was accomplished by reviewing all the 
recent modification packages, safety evaluation reports, and revised operating procedures.



Table 2.4.3.1

Plant Documentation 

Check-Off Lists 
Daily Summary Reports 
Electrical Single-Line Diagrams 
Elementary Diagrams 
Emergency Operating Procedures 
Final Safety Analysis Report 
Front View Control Board Drawings 
Instrument Surveillance Procedures 
Licensee Event Reports 
Loop Diagrams 
Maintenance Procedures 
Maintenance Work Requests 
Manufacturers' Equipment Manuals 
Modification Packages 
Monthly Operating Reports 
Nuclear Power Reliability Data System (NPRDS) Failure Reports 
Off-normal Operating Procedures 
Piping and Instrument Diagrams 
Room Arrangement Drawings 
Senior Reactor Operator's Log 
Significant Occurrence Reports 
Shift Supervisor Log 
Standard Hold-Off Lists 
System Descriptions 
System Flow Diagrams 
System Operating Procedures 
Technical Specifications 
Test Procedures



2.4.4 PLANT WALKDOWNS

Plant walkdowns were performed as an integral part of this study to clarify information and to 
identify the spatial interactions or dependencies. Ten walkdowns were made to ensure system 
familiarization and to examine system interactions; ten as part of the internal flooding 
analysis; and six to examine heating, ventilation, and air conditioning (HVAC) dependencies.  
Post-accident operator actions were examined in a walkdown to derive estimates of execution 
times. Post-accident operator actions taken in the control room were also evaluated in a 
walkdown and the observation of accident scenarios run on the simulator. Pre-accident 
human errors were evaluated following discussions with instrumentation and controls (I&C) 
personnel. These discussions addressed checks performed to determine if equipment needed 
for calibration was calibrated, the scheduling of tests and calibrations, and steps taken to 
verify the proper functioning of equipment after tests or calibration.  

The walkdowns performed for purposes of familiarization are described as follows; the other 
walkdowns were conducted in a similar fashion but for very specific purposes. Extensive 
preparations were made prior to each of the walkdowns. While plant layout drawings and 
piping diagrams were reviewed before the initial walkdown to identify potential dependencies 
between equipment and deficiencies in plant documentation, the main purpose of the initial 
walkdown was to familiarize the analysts with the plant and its layout.  

The remaining walkdowns focused on items of concern to the systems analysis: validation of 
spatial, functional, and human coupling of equipment; and an examination of the accessibility 
of components and the environment in which they are located. The latter influences the 
likelihood of human error during the restoration of of components following maintenance and 
functional tests, in the calibration of instrumentation, and in recovery actions. These items 
were identified prior to the walkdown; the walkdown itself provided an opportunity to 
evaluate the specific concerns identified.  

The familiarization walkdowns were performed by a 3-5 person team which toured the plant 
and inspected each of the items of interest. The walkdown team that examined human 
recovery actions included human reliability analysts.



Section 3

FRONT-END ANALYSIS 

3.1 ACCIDENT SEQUENCE DELINEATION 

3.1.1 INITIATING EVENTS 

Initiating events are those disruptions of normal plant operation that cause or require a rapid 
plant shutdown. Such events are accompanied by challenges to plant safety systems and the 
need to remove heat from the reactor core to preclude accident sequences leading to core 
damage. In this study, the reactor core radionuclide inventory was assumed to be the sole 
source of potential risk.  

3.1.1.1 Scope of Events Considered 

The scope of this study encompassed internal initiators--those that originate within the plant-
S and a loss of offsite power only. External events (e.g., fires, seismic events, high winds, 

W transportation accidents, and external flooding) were not considered.  

Table 3.1.1.1 lists the primary information sources used to identify initiating events. Initiators 
identified in previous probabilistic risk assessments (PRAs) and in the Accident Sequence 
Evaluation Program (ASEP) were used to derive a preliminary list. This list was then 
augmented with the events reported in NUREG/CR-4550 [9] and NUREG/CR-3862 [15], 
supplemented with plant trip data reported in IP3 licensee event reports (LERs) and 
significant occurrence reports (SORs). Finally, the plant was reviewed to identify special 
initiators unique to IP3.  

Although initiating events were assumed to occur while the plant is at full power, the list of 
initiating events developed from plant data included events that took place at reactor power 
levels of above 40 percent. While forced manual trips that otherwise would have eventually 
caused an automatic scram were included, orderly shutdowns, power reductions, and planned 
trips were excluded from the trip data used.  

PRAs and ASEP studies typically divide initiating events into two classes: loss of coolant 
accidents (LOCAs) and transients. LOCAs would cause a plant trip and require emergency 
cooling; hence they represent a threat to both reactor core and containment. As in the original 
WASH-1400 study and the subsequent Surry [5], Sequoyah [8], and Zion [16] studies, a 
number of LOCA sizes were used, based on different mitigation success criteria.



Table 3.1.1.1 

Primary Information Sources Used To Identify Initiators 

Indian Point Probabilistic Safety Study [4] 

WASH-1400 [17] 

ASEP, Surry Unit 1, Analysis of Core Damage Frequency [5] 

ASEP, Sequoyah Unit 1, Analysis of Core Damage Frequency [8] 

Millstone Unit 3 Probabilistic Safety Study [18] 

Westinghouse Anticipated Transient Without Scram Study [19] 

NUREG/CR-1032 [20] 

NSAC- 182 [21 ] 

NUREG/CR-3862[15] 

NUREG/CR-4550 [9] 

IP3 Licensee Event Reports 

IP3 Significant Occurrence Reports
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* Similarly, transients were grouped into major categories defined by the plant response to the 
transient as defined by component failure or degradation, mitigating system success criteria 
and overall plant effects. This grouping facilitates the analysis without influencing the results.  
The list of transient initiators selected is presented in Table 3.1.1.2 together with the event 
category assigned to these events in NUREG/CR-4550 [9]. TI events involve a loss of offsite 
power (LOSP) to the plant. T2 events involve transients with loss of the main feedwater 
system prior to the unit trip. T3 events involve a turbine trip, followed by a demand for a 
reactor trip, in which main feedwater is initially available.  

3.1.1.2 Special Initiators 

The special initiators examined in this study were: reactor vessel rupture, loss of support 
systems, internal flooding, steam generator tube rupture (SGTR), main steam line break 
(MSLB), and the interfacing LOCA (the "V sequence"). The frequencies of special initiators 
are generally low, but since they may render the mitigating systems inoperable, their 
contribution to risk can be significant and thus requires examination. SGTR and interfacing 
LOCA events are of particular importance as these events will result in containment 
bypassing.  

Reactor Vessel Rupture. As reactor vessel rupture precludes core cooling, reactor 
rupture is itself a specific accident sequence. The evaluation of the reactor rupture event is 
addressed in Section 3.1.4.  

Support Systems. All support systems were evaluated to determine whether their failure 
constitutes a special initiator. The failure of the support system is a special initiator if it 
results in a plant trip and disables equipment necessary to support safe shutdown. If the loss 
of the support system affects the plant in a manner similar to a particular LOCA or transient, 
it was subsumed into that classification (small LOCA, etc.) and eliminated as a special 
initiator.  

Sources utilized in the review of support systems included the technical specifications, 
operating procedures, off-normal operating procedures, and actual scram reports. The 
evaluation of support systems is presented in Section 3.1.4.  

Internal Flooding. An internal flooding analysis identified flooding scenarios that could 
initiate or contribute to core damage accident sequences. This analysis is summarized in 
Section 3.1.4.  

Steam Generator Tube Rupture (SGTR). SGTRs were assumed to commence with the 
complete double-ended rupture of a single steam generator tube that allows primary coolant to 
flow into the secondary coolant side. The secondary-side inventory and pressure increase 
resulting from an SGTR must be controlled. Without control, the faulted steam generator will 

AM overfill, the secondary-side pressure boundary will be breached (the relief valves will open),



Table 3.1.1.2

Transient Initiators 

Initiator Event Category 1131 

T1 -- LOSP 

Loss of offsite power 35 

T2 -- Loss of Main Feedwater 

Low pressurizer pressure 6 
Inadvertent safety injection signal 9 
Total loss of feedwater flow (all loops) 16 
Closure of all main steam isolation valves (MSIVs) 18 
Increase in feedwater flow (all loops) 20 
Feedwater flow instability--operator error 21 
Feedwater flow instability--miscellaneous mechanical causes 22 
Loss of condensate pumps (all loops) 24 
Loss of condenser vacuum 25 
Loss of circulating water 30 

T3 -- Turbine Trip With Main Feedwater Initially Available 

Loss of reactor coolant system flow (one loop) 1 
Uncontrolled rod withdrawal 2 
Control rod drive mechanism or rod drop 3 
Leakage from control rods 4 
Leakage in primary system 5 
Pressurizer leakage (excluding leakage 

from control rods, pressurizer, and steam generator) 7 
High pressurizer pressure 8 
Containment pressure problems 10



Table 3.1.1.2 (Continued)

Transient Initiators 

Initiator Event Category 

T3 -- Turbine Trip With Main Feedwater Initially Available (Continued) 

Chemical and volume control system malfunction--boron dilution 11 
Temperature, power, pressure imbalance--rod position error 12 
Total loss of reactor coolant system flow 14 
Loss or reduction in feedwater flow (one loop) 15 
Full or partial closure of MSIV (one loop) 17 
Increase in feedwater flow (one loop) 19 
Loss of condensate pumps (one loop) 23 
Steam generator leakage 26 
Condenser leakage 27 
.Miscellaneous leakage in secondary system 28 
.Sudden opening of steam relief valves 29 
.Turbine trip, throttle valve closure, 

electro-hydraulic control (EHC) problems 33 
,Generator trip or generator-caused problems 34 
-Pressurizer spray failure 36 
,Spurious trip--cause unknown 38 
Automatic trip 39 
Manual trip 40



and reactor coolant will be released into the environment. Accident sequences initiated by 
SGTRs are addressed in Section 3.1.4.  

Main Steam Line Break (MSLB). MSLBs are transients that begin with a double-ended 
rupture of a steam line. Because different plant responses are required for breaks that occur 
inside and outside containment, these MSLBs were evaluated separately. In both, however, 
the MSLB3 may induce steam generator tube rupture (SGTR). Accident sequences initiated by 
MSLB3 are addressed in Section 3.1.4.  

Interfacing LOCA (V Sequence). Interfacing system loss of coolant accidents 
(ISLOCAs) are caused by the failure of piping and other components designed for low 
pressures as a result of their exposure to high pressure reactor coolant. Because piping 
susceptible to ISLOCAs is routed both inside and outside containment, both unmitigated 
LOCAs inside containment and containment bypass and subsequent radionuclide release to the 
primary auxiliary building (PAB) are possible.  

One type of ISLOCA, the "V-sequence't event, is initiated by the failure of isolation valves 
that form the pressure boundary between the reactor coolant system (RCS) and low pressure 
systems. In the postulated worst case scenario, isolation valve failure results in a LOCA 
outside containment and the creation of an open path between the reactor core and the 
environment.  

"Interfacing LOCA accident sequences are addressed in Section 3.1.4.  

3.1.2 EVENT TREE* METHODOLOGY AND ASSUMPTIONS 

'The accident sequence event tree analysis evaluated event sequences comprising initiating 
events and the successful or unsuccessful responses of functions or systems. The responses 
determine the status of the core and containment. Each unique set of responses to an 
initiating event is called a sequence.  

Accident Sequence Event Tree Assumptions and Limitations. The delineation of the 
event tree ends with the determination of whether the core is in a stable, vulnerable, or 
damaged state. The core is defined as being "stable" if the consequences of radionuclide 
release from damaged fuel are negligible. Realistically, core damage occurs when the 
allowable peak fuel-cladding temperature is exceeded. However, except when evaluating 
large LOCAs, this criterion was taken to mean that core damage occurs when the water level 
in the reactor falls to the top of the active fuel. The core is vulnerable (CV) if injection is 
initially successful but containment heat removal has failed--an inability to remove 
containment heat was assumed to lead to evaporation of water in the sumps and elimination of 
core recirculation cooling. Subsequent containment failure may lead to sump recirculation 
failure and core damage. The status of the containment when core damage occurs is 
important in determining the plant damage state and, ultimately, the source term. The



containment is vulnerable if its integrity is challenged by the damaged core.

The front-line systems used as event headings in the event trees include only those systems 
used in the plant emergency operating procedures (EOPs). The systems were assumed to 
function or to fail; degraded performance was disregarded. Anticipated transient without 
scram (ATWS) sequences were addressed separately from other transient-initiated sequences.  

The development of an accident sequence in an event tree was terminated if the frequency of 
the first two or three events (including the initiating event) was <1 O:/year and additional 
failure events with probabilities of 10-' or less would have to occur to cause core damage. In 
practice, therefore, event tree sequence development was terminated for sequences with 
frequencies of 10 "1 /year or less. In this report, however, discussion of sequences is curtailed 
once their frequencies fall below 1 08/year.  

Finally, three assumptions are common to all event trees: 

" All initiating events occur while the plant is at full power.  

" The sodium hydroxide tank was not modeled as part of containment spray operation 
because its operation is a containment back-end analysis issue.  

" Accident sequences that are successfully mitigated are examined for 24 hours. By that 
time, stable hot shutdown or long-term cooling will be achieved.  

Event Tree Development. Event trees are logic diagrams that describe, at the system 
level of detail, the possible sequence of events that follow each initiator. In developing event 
trees, the objective was to define all possible combinations of successful and unsuccessful 
system responses to an initiating event. The analysis tracked individual successes and failures 
until a final core state was determined. The analysis also determined the final state of the 
containment to facilitate the -subsequent accident progression and consequence analysis.  
Therefore, the event trees developed reflect system responses that can prevent or mitigate core 
damage and containment failure. Human responses were also reflected in the event trees if 
these responses apply to dominant accident sequences.  

The procedures for performing the accident sequence analysis are those described in 
NUREG/CR-4550, Vol. 1, Rev. 1 [9]. The steps involved were: 

" Gathering information.  

" Identifying initiating events needing separate event trees.  

" Identifying and ordering the top events for each event tree based on the functions 
required to mitigate the initiating event and the subsequent accident sequence and their 
success criteria.



" Constructing individual systemic event trees using a methodology based on the small
event-tree/large-fault-tree approach. This entailed delineating accident sequences and 
incorporating into the event trees dependencies introduced by functional and systemic 
success criteria and by phenomena created by accident sequences.  

M Simplifying event trees by reordering top events and eliminating partially developed 
sequences whenever they were deemed too improbable to be significant.  

" Identifying event tree transfers in which sequence success criteria change as a result of 
the failure of other events after the initiating event.  

" Resolving core vulnerable sequences to determine whether core cooling--lost because of 
some phenomenon--could be achieved in potentially dominant sequences.  

3.1.3 EVENT TREES 

.Event trees were developed and analyzed for each initiating event identified in Section 3.1.1.  
The accident progression, phenomena involved, success criteria, event trees, headings, 
assumptions, and accident sequences for LOCA and transient initiators, station blackout, and 
ATWS accident sequences are described in this section. The event trees developed for special 

... and support system initiating events, are described in Section 3.1.4.  

3.1.3.1 Loss of Coolant Accidents 

* Introduction. Loss of coolant accidents (LOCAs) are grouped by break size and 
mitigation success criteria. Four types of LOCA were examined: large, intermediate, small, 
and small-small. The large LOCA event (labeled "A") is a breaks.within the reactor coolant 
system (RCS) of approximately 0.2 ft2 or larger. It rapidly depressurizes the RCS, reducing 
the pressure of the RCS to that of the containment atmosphere. High-volume emergency core 
coolant (ECC) injection by the accumulators, high-head safety injection (HHSI), and low-head 
safety injection (LHSI) must be provided to prevent core damage.  

The intermediate LOCA event (labeled "SI") is a break inside containment that rapidly 
depressurizes the RCS, although not as rapidly as a large LOCA event. Emergency core 
cooling (ECC) is provided by either HHSI or LHSI systems. Break sizes of approximately 
0.02 to 0.2 ft 2 typify an intermediate LOCA.  

The small LOCA (labeled "S2") is a small break inside containment that slowly depressurizes 
the RCS. In a small LOCA (and some intermediate LOCAs), auxiliary feedwater (AFW) 
system operation is required because the break itself is insufficient to remove decay heat.  
ECC is provided by HHSI; should HHSI fail, the RCS must be depressurized to enable LHSI 
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* operation. Should the AFW system fail, "bleed and feed" cooling is required. A small 
LOCA results from breaks of 0.0008 to 0.02 ft2.  

A fourth, small-small, LOCA category (labeled "S3") includes small leaks (<0.0008 ft2) in 
which adequate core makeup can be provided by the charging system should it be available.  
Although the consequences of and responses to such LOCAs are essentially the same as with 
small LOCAs, cold shutdown may be achieved in a small-small LOCA before recirculation 
core cooling is needed.  

LOCAs within interfacing systems, internal flooding and the failures of support systems were 
addressed as special initiators.  

Accident Progression 

Large LOCA. Large LOCA events result in rapid depressurization of, and loss of 
water inventory from, the RCS. The safety injection actuation signal is initiated by low 
pressurizer pressure (<1720 psig), high containment pressure (>3.0 psig), or high-high 
containment pressure (>22 psig). Initial core cooling (reflood) is provided by the 
accumulators once the RCS pressure falls below 650 psig. Core filling is continued by 
operation of the HHSI pumps or the residual heat removal (RHR) LHSI pumps. When the 
level of water in the refueling water storage tank (RWST) falls below 9 ft, long-term cooling 
is switched from the injection mode of operation to the cold leg recirculation mode of 

* operation. Because containment pressure and temperature will increase rapidly during a large 
LOCA, operation of the RHR heat exchangers or containment fan coolers is required for 
primary containment control.  

Intermediate LOCA. Intermediate LOCA events are similar to large LOCAs. While 
the RCS will remain pressurized initially, thereby requiring core make-up from the HHSI 
pumps, the accumulators and LHSI are capable of mitigating the accident as RCS 
depressurization continues. As in large LOCA events, long-term core cooling is provided by 
switching from the injection mode of operation to the cold leg recirculation mode when 
appropriate. Long-term primary containment control is provided by containment fan coolers 
or the RHR heat exchangers.  

Small LOCA. Small LOCA events exhibit less severe reactor depressurization and 
water inventory loss than either large or intermediate LOCAs. As a result, the break size is 
insufficient to remove reactor decay heat and reactor coolant pump heat and the RCS pressure 
remains above the shut-off head for the HHSI pumps. AFW operation is required to remove 
this heat and reduce RCS pressure to permit HHSI pump operation. Failure of AFW would 
require bleed-and-feed cooling with both power-operated relief valves (PORVs) opened. For 
long-term cooling, there are several alternatives including RCS depressurization and low-head 
recirculation of cooling water and high-head recirculation of coolant. Long-term primary 
containment control is provided by containment fan coolers or the RHR heat exchangers.



Small-Small LOCA. Small-small LOCA events are similar to small LOCAs.  
However, because the break is very small (<0.0008 ft2), recirculation core cooling may not be O 
required if charging systems function properly and cold shutdown is achieved. The core can 
also be cooled and containment pressure controlled using high-head safety injection to make 
up inventory loss, removing heat from the RCS by the AFW system, and operating the 
containment fan coolers. For long-term cooling, the RCS is depressurized and RHR shutdown 
cooling aligned. Failure of RCS depressurization or RHR shutdown cooling requires high- or 
low-head recirculation of cooling water.  

Assumptions.  

" Transfer from cold-leg recirculation to hot-leg recirculation is considered only for the 
large LOCA event. This transfer reduces boron precipitation on the reactor core. Such 
precipitation could block coolant flow through the core and impede heat transfer from the 
fuel rods.  

" RCS volume control using normal make-up and letdown was addressed only in small
small LOCAs. In such LOCAs, recirculation core cooling may not be required if the 
charging system functions properly.  

" The probability of RWST rupture during LOCAs is negligible.  

" In large LOCAs, failure of the LHSI system will not result in extensive core damage 
because HHSI will provide adequate core inventory until cold-leg recirculation is 
possible, provided that the accumulators have operated successfully.  

* In both large and intermediate LOCAs, one accumulator will discharge its water inventory 
through the ruptured cold leg loop onto the containment floor.  

" In intermediate LOCA sequences, the recirculation pumps should inject when required 
because, by that time, RCS pressure will have fallen sufficiently.  

" In small LOCAs, shutdown cooling using the RHR system is impossible because the 
break was (conservatively) assumed to occur in # 32 hot-leg piping.  

" The probability of a LOCA-induced steam generator tube rupture (SGTR) is negligible 
because RCS depressurization reduces the primary-side pressure to a value below the 
secondary-side pressure. In these circumstances, tube rupture is most unlikely. While a 
LOCA-induced SGTR would reduce the number of steam. generators available for plant 
cooldown and the supply of steam to the AFW turbine, if a tube should rupture, flow 
from the secondary to primary sides will not increase the probability of core damage [23].  
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Table 3.1.3.1 

Large Break LOCA(A Success Criteria

Early Core 
Cooling

RCS 
Integrity

Early Containment 
Overpressure Control

Late Core 
Cooling

.- v I - A.IIi

A) [2 of 3 Accumulators2 

and 

2 of 3 HHSI pumps 
injecting into 2 out of 3 
RCS cold legs] 

or 

B) [I of 2 LHSI (RHR) 
pumps injecting into I out 
of 3 RCS cold legs]

RCS integrity is lost 
because of the 
initiator.

A) [3 of 5 Fan Coolers in their 
respective emergency mode 
operation 

and 

2 of 3 essential service 
water pumps] 

or 

B) [I of 2 CSS pumps]

A) [LHR via I of 2 
recirculation pumps 
injection into I of 3 
RCS cold legs

and 

switch to hot leg 
recirculation at 20 
hours] 

or 

B) ILHR via I of 2 RHR 
pumps injecting into 
I of 3 RCS cold legs 

and 

switch to hot leg 
recirculation at 20 
hours]

Late Containment 
Overpressure ControlReac 

Subcriti 

Not Requi

I. The RCS is not needed for initial subcriticality, because RCS voiding provides sufficient negative reactivity to shut down the reactor. Long-term subcriticality is maintained by the injection 

of borated water from the RWST.  

2. One accumulator is assumed to discharge out of the broken RCS loop.

tor 
it!Al itV

red' A) [2 of 3 non-essential SWS 
pumps 

and 

I of 3 CCW pumps to 
associated RIIR ItTX] 

and one of the following 

1I of 2 recirculation pumps 
for containment spray 
recirculation] 

or 

[I of 2 RIIR pumps for 
containment spray 
recirculation] 

or 

B) 13 of 5 Fan Coolers in their 
respective emergency mode 
operation 

and 

2 of 3 essential service water 
pumps]



Table 3.1.3.2 

Intermediate Break LOCA (S1) Success Criteria

Reactor 
Subcriticality

Early Core 
Cooling

RCS 
Integrity

I at otimn
Early Containment 

Overpressure Control
Late Core 
Cooling

1 4 I I

Not Required' A) [2 of 3 Accumulators2 

and 

1 of 3 HHSI pumps injecting into 
2 of 3 RCS legs] 

or 

B) [I of 2 LHSI (RHR) pumps 
injecting into I of 3 cold legs and 
2 of 3 accumulators2 and I of 3 
AFW pumps and 2 of 4 steam 
generators depressurized] 

or 

C) [I of 2 LHSI (RHR) pumps 
injecting into I of 3 cold legs and 
2 of 3 accumulators2 and I of 3 
AFW pumps and 2 of 2 PORVs 
opened]

RCS integrity is 
lost because of the 
initiator.

A) [3 of 5 Fan Coolers in their 
respective emergency mode 

operation 

and 

2 of 3 essential service 
water pumps] 

or 

B) [I of 2 CSS pumps]

A) [RCS depressurized 

and 

LIR via I of 2 
recirculation pumps 
injecting into I of 3 
RCS cold legs] 

or 

B) [RCS depressurized 

and 

LHR via I of 2 RIIR 
pumps injecting into I 
of 3 RCS cold legs] 

or 

C) [HIIR via I of 3 IIIISI 
pumps and I of 2 
recirculation or I of 2 
RHR pumps injecting 
into I of 3 RCS cold 
legs]

Late Containmnl 
Overpressure Control

A) 12 of 3 non- essential SWS pumps 

and 

I of 3 C(W pumps to 
associated RIIR I HXI 

and one of the following 

I I of 2 recirculation 
pumpsl 

or 

jI ot2 RIIR pumpsl 

or 

13) 13 of 5 Fan Coolers in 
their respective 
emergency mode 
operation 

and 

2 of 3 essential service 
water pumps]

The RCS is not needed for initial subcriticality, because RCS voiding provides sufficient negative reactivity to shut down the reactor. Long-term subcriticality is maintained by the incction 

of borated water from the RWST.

2. One accumulator is assumed to discharge out of the broken RCS loop.  
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Table 3.1.3.3 

Small Break LOCA (S2) Success Criteria

7 I I Late Core Late Containrncnt
Early Core 

Cooling
RCS 

Integrity
Early Containment 

Overpressure Control

I -I I A) 12 of 3 non-essential SWS

Reactor 
Subcriticality 

A [RPS] RCS integrity is 
lost because of the 
initiator.

A) [3 of 5 Fan Coolers in their 
respective emergency mode 
operation 

and 

2 of 3 essential service 
water pumps] 

or 

B) [I of 2 CSS pumps]

Late Core 
Cooling

A) [RCS depressurized 

and 

LHR via I of 2 
recirculation pumps 
injecting into I of 4 
RCS cold legs] 

or 

B) [RCS depressurized 

and 

LHIR via I of 2 RIIR 
pumps injection into I 

of 4 RCS cold legsl 

or 

C) [HHR via I of 3 HIIISI 
pumps and I of 2 
recirculation or lof 2 
RHR pumps injecting 
into I of 4 RCS cold 
legs]

Late Containment 
Overpressure Control

A) 12 of 3 non-essential SWS 
pumps 

and 

I of 3 CW pumps to 

associated RIIR I [TXi 

and one of the following 

II of 2 recirculation 
pumpsl 

or 

I (f 2 RIIR pumpsl 

or 

B) 13 of 5 Fan Coolers in 
their respective emergency 
mode operation 

and 

2 of 3 essential service 
water pumpsl

______ 4 ____________ 4 __________ I _________ I __________

A) [I of 3 HHSI pumps injecting 
into I of 4 RCS cold legs 

and 

1 of 3 AFW pumps injecting 
into 1 of 4 SG] 

or 

B) [I of 3 HHSI pumps injecting 
into 1 of 4 RCS cold legs 

and 

2 of 2 PORVs opened] 

or 

C) [I of 2 LHSI (RHR) pumps 
injecting into I of 4 RCS cold 
legs and 2 of 4 accumulators and 
I of 3 AFW pumps and 2 of 4 

steam generators depressurized]



Table 3.1.3.4 

Small-Small Break LOCA (S3) Success Criteria

Reactor Early Core RCS Early Containment Late Core Late Containment 
Subcriticality Cooling Integrity Overpressure Control Cooling Overpressure Control 

A [RPS] A) [I of 3 HHSI pumps injecting RCS integrity is A) [3 of 5 Fan Coolers in their A) [RCS depressurized A) 12 of 3 non-essential SWS 
into I of 4 RCS cold legs lost because of the respective emergency mode pumps 

initiator, operation and 
and and 

and LIIR via I of 2 
I of 3 AFW pumps injecting into recirculation pumps I of 3 CCW pumps o 
I of 4 steam generators] 2 of 3 essential service injecting into I of 4 associated RIIR II TXI 

water pumps] RCS cold legsl 
or and one of the fiollowing 

or or 
B) [I of 3 HHSI pumps injecting 11 of 2 RIIR pumps in 

into I of 4 RCS cold legs B) [1 of 2 CSS pumps] B) [RCS depressurized shutdown cooling model 

and and or 

2 of 2 PORVs opened] LHR via I of 2 R|IR II of 2 recirculation 
pumps injecting into I pumpsl 

or of 4 RCS cold legsl 
or 

C) [I of 2 LHSI (RHR) pumps or 
injecting into I of 4 RCS cold II of 2 RIIR pumpsl 
legs and 2 of 4 accumulators and C) [HHR via I of 3 IIIISI 
I of 3 AFW pumps and 2 of 4 pumps and I of 2 or 
steam generators depressurized] recirculation or RI IR 

pumps injecting into I 13) 13 of 5 Fan (oolers in 
of 4 RCS cold legs] their respective emergency 

mode operation 

and 

2 of 3 essential service 
water pumpsl
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LOCA Initiator Success Criteria. Success criteria for LOCAs involve six functions: 
reactor subcriticality, early core cooling, RCS integrity, early containment overpressure 
control, late core cooling, and late containment overpressure control. Success criteria for the 
large, intermediate, small, and small-small LOCAs are presented in Tables 3.1.3.1 through 
3.1.3.4, respectively.  

LOCA Event Trees. The event trees for large (A), intermediate (S1), small (S2), and 
small-small (S3) LOCAs are shown in Figures 3.1.3.1 to 3.1.3.4. They display only the 
minimum combination of events required to prevent core damage.  

The top events shown in the LOCA event trees are: 

LOCA Initiator (A). A large LOCA occurs.  

LOCA Initiator (S1). An intermediate LOCA occurs.  

LOCA Initiator (S2). A small LOCA occurs.  

LOCA Initiator (S3). A small-small LOCA occurs.  

Reactor Protection System (RPS) Scram (C). This event is considered only for small and 
small-small LOCA initiators. Success implies all, or all but one, control rods are inserted into 
the reactor core; failure leads to an anticipated transient without scram (ATWS) event.  

Offsite ac Power Available (1). Success implies offsite ac power is available; failure leads 
to a demand for onsite ac power.  

Onsite ac Power Available (B2). Success implies onsite ac power is available; failure leads 
to a plant station blackout event (SBO).  

Accumulators (ACC). The operation of accumulators was considered for large and 
intermediate LOCA initiators only. Success implies the discharge of at least two of three 
accumulators into their associated RCS 10-in. cold legs. The fourth accumulator is assumed 
to discharge into a broken RCS cold leg loop.  

Auxiliary Feedwater System Secondary Cooling (AFW). AFW is considered for 
intermediate, small, and small-small LOCA initiators. Success of AFW in removing core heat 
implies the use of a motor- or steam-turbine-driven AFW pump to feed at least one intact, 
non-faulted, steam generator.  

Primary Cooling Bleed-and-Feed (FB). FB is considered only for LOCA initiator 
sequences involving failure of AFW secondary cooling. Success implies the manual opening 
of the PORVs to reduce RCS pressure (bleed) and the injection of water via HHSI pumps for 
core cooling (feed).  

0 
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* Pressurizer PORV Recloses After Opening During LOCA (P). This event is considered 

only for small-small LOCA initiators. Success implies reclosure of open PORVs when RCS 
pressure drops below the closure setpoint. The failure of one or two PORVs to reclose is 

designated as a "P" event.  

Charging system (CHRG). This event is considered only for small-small LOCA initiators.  

Success implies that the charging system compensates for the small-small LOCA. Failure 
requires a reactor trip.  

-High-Head Safety Injection (HHI). Success for a large LOCA implies that sufficient core 

cooling is provided by two HHSI pumps injecting water into at least two RCS cold legs.  

Success for intermediate and small LOCAs implies that at least one pump injects water into at 
least two 2-in. RCS cold legs for an intermediate LOCA or one 2-in. RCS cold leg for a 

small LOCA. Failure requires that alternative core cooling be established.  

Low-Head Safety Injection (LHI). Success implies that sufficient reactor cooling is 
provided by at least one RHR pump, operating in the LHSI mode, injecting water into at least 

one 10-in. RCS cold leg. Failure requires that alternative core cooling be established.  

Operator Depressurizes RCS for Low-Head Injection (ODEP). This event is considered 
-for intermediate and small LOCA sequences in which HHSI fails. Success implies RCS 
,depressurization occurs (by steam generator secondary-side depressurization), thus allowing 
low-head injection.  

Operator Depressurizes RCS for Low-Head Recirculation (ODEPR). This event is 

considered for small and intermediate LOCAs only. Success implies RCS cooldown (by 

steam generator secondary-side depressurization) or depressurization (through open PORVs), 
allowing long-term cooling using low-head internal (recirculation pump path) or external 
(RHR pump path) recirculation.  

Operator Initiates Low-Head Recirculation Flow (OLR). Success implies the manual 

initiation of long-term low-head recirculation cooling through the eight-switch sequence.  

Operator Initiates High-Head Recirculation Flow (OHR). OHR is considered only for 

intermediate and small LOCA sequences in which the RCS is not depressurized. Success 

implies the manual initiation of long-term high-head recirculation cooling through the eight

switch sequence.  

Low-Head Recirculation via Recirculation Pumps (LHIR) or RIIR Pumps (LHER).  

Success implies that at least one recirculation pump (LHIR) or RHR pump (LHER) injects 

water into at least one 10-in. RCS cold leg to provide low-head long-term core cooling.  

High-Head Recireulation via Recirculation Pumps (HHIR) or RHR Pumps (HHER).  

This event is considered for small and intermediate LOCA sequences involving a failure to
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depressurize the RCS. Success implies that at least one recirculation pump (HHIR) or RHR 
pump (HHER) supplies water to the suction of the HHSI pumps and into one 2-in. RCS cold 
leg.  

Containment Fan Coolers (CFC). Success of the fan coolers for containment decay-heat 
removal requires that at least three fan coolers operate in their emergency mode, together with 
two essential service water pumps. Failure requires alternative containment decay heat 
removal.  

Containment Spray System (CSS). Success implies the use of at least one containment 
spray pump, with adequate RWST inventory, to provide early containment decay-heat 
removal.  

Containment Spray Recirculation Decay Heat Removal via Recirculation (CSR1) or 
RItR pumps (CSR2). CSR1 and CSR2 are considered only for large LOCA sequences 
involving a failure of fan coolers to provide long-term containment decay heat removal.  
Success implies that the operators change to containment spray recirculation after the RWST 
inventory reaches the low-low level. A recirculation or RHR pump can provide long-term 
containment decay-heat removal by taking suction from the recirculation or containment sump 
and discharging water through a RHR heat exchanger to the containment spray headers. In 
addition, at least one component cooling water (CCW) system pump and two non-essential 
service water pumps are needed to provide heat sinks for the RHR heat exchanger.  

Containment Decay-Heat Removal via Recirculation (CDHR1) or RHR pumps 
(CDHR2). CDHR1 and CDHR2 are considered in intermediate and small LOCA sequences 
involving successful operation of long-term recirculation core cooling via recirculation or 
RHR pumps. Success implies the use of at least one CCW system pump, one RHR heat 
exchanger, and two non-essential service water pumps to provide containment decay heat 
removal.  

Hot-Leg Long-term Recirculation Core Cooling (HLR). HLR is considered for a large 
LOCA initiator event only. Success implies that the operator transfers from cold- to hot-leg 
recirculation core cooling at 20 hours into the event.  

Residual Heat Removal Provided by Shutdown Cooling (RHR-SD). This event is 
considered for small-small LOCA initiators only. Success implies that decay heat removal is 
provided by at least one RHR system pump aligned in its shutdown cooling mode, together 
with one RHR heat exchanger, one CCW system pump, and two non-essential service water 
pumps.  

LOCA Sequences. In defining a sequence, a slash (/) preceding an event designator indicates 
the event is a success. Asterisks (*) separate the event designators.  
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Large LOCA Sequences.  

Sequence A-i: A*/BI*iACC*/HHI*/CFC*/OLR*/LHIR*/HLR. A large break LOCA 

occurs (A) in a 29-in. RCS cold leg loop. Offsite ac power to the 6.9-kV buses is available 
(/B1). The RCS is rapidly depressurized and, as a result, the accumulators immediately inject 
water (/ACC). With a 1720-psig pressurizer pressure orhigh (3.0 psig) or high-high (22 psig) 
containment pressures, a safety injection actuation signal is given that initiates both high- and 
low-head safety injection pumps. HHSI pumps inject water into the vessel, raising water level 
to a downcomer height of 20 ft (/HHI). With containment pressure increasing because of the 
break, the fan coolers are started in their emergency mode, preventing containment 
overpressurization (/CFC). Upon depletion of RWST inventory (15 to 20 min.), the operator 
initiates long-term recirculation core cooling through the eight-switch sequence (/OLR). At 
20 hours, the operator switches from cold- to hot-leg recirculation core cooling (/HLR) to 
avoid boron build-up in the reactor vessel. A recirculation pump taking its suction from the 
recirculation sump is started (/LHIR). This sequence results in a safe core and containment.  

Sequence A-2: A*/BI*/ACC*/HHI*/CFC*/OLR*/LHIR*HLR. Same as sequence A-i, 
except that transfer from cold- to hot-leg recirculation core cooling fails (HLR). This 
sequence results in core damage and a vulnerable containment.  

Sequences A-3 and A-4. Same as sequences A-i and A-2, except that random mechanical 
faults fail the recirculation system (LHIR). Long-term recirculation core cooling is then 

* ,provided by the RHR system with pump suction taken from the containment sump (/LHER).  

Sequence A-5: A*/BI*/ACC*/HHI*/CFC*/OLR*LHIR*LHER. Same as sequence A-i 
except. that random mechanical faults prevent both the recirculation and RHR systems from, 
providing long-term recirculation core cooling (LHIR*LHER). This sequence results in core: 
damage and a vulnerable containment.  

Sequence A-6: A*/B1*/ACC*/HHI*/CFC*OLR. Same as sequence A-i, except that 
following RWST depletion, the operator fails to initiate long-term recirculation core cooling 
in time. This sequence results in core damage and a vulnerable containment.  

Sequence A-7: A*JBI*/ACC*JHHI*CFC*/CSS*/OLR*/LHIR*/CSR1*JHLR. Same as 
sequence A-i except that random mechanical faults fail the fan coolers (CFC). Early 
containment overpressure control is provided by the containment spray system (/CSS) when 
containment pressure exceeds 22 psig. Following a changeover to long-term recirculation 
flow through the recirculation pumps (/OLR*/LHIR*/HLR), late containment overpressure 
control (/CSR1) is provided by placing one train of the RHR heat exchanger in service and 
opening a containment spray header valve (SI-MOV-889A/B). This sequence results in a safe 
core and containment.  

Sequence A-8: A*/BI*/ACC*/HHI*CFC*/CSS*/OLR*/LHIR*/CSRI*HLR. Same as 
sequence A-7, except that transfer to hot-leg recirculation fails (HLR). This sequence results 
in core damage and a vulnerable containment.

3-27



Sequence A-9: A*/BI*/ACC*/HHI*CFC*/CSS*/OLR*ILHIR*CSR1. Same as sequence 
A-7, except that operator error or random mechanical faults fail containment spray 
recirculation (CSRl). This sequence results in containment failure and a vulnerable core.  

Sequences A-10 to A-12. Same as sequences A-7 to A-9 except that random mechanical 
faults fail the recirculation pumps (LHIR). The operator then uses the RHR pumps for 
long-term recirculation core cooling (/LHER).  

Sequence A-13: A*/BI*/ACC*/HHI*CFC*/CSS*/OLR*LHIR*LHER. Same as sequence 
A-7, except that random mechanical faults fail both the recirculation (LHIR) and RHR 
(LHER) systems. With no other system available for long-term core cooling, this sequence 

-results in core damage and a vulnerable containment.  

Sequence A-14: A*/BI*/ACC*/HHI*CFC*/CSS*OLR. Same as sequence A-7, except that 
after RWST depletion, the operator fails to initiate long-term recirculation core cooling in 
time (OLR). This sequence results in core damage and a vulnerable containment.  

Sequences A-15 to A-22. Same as sequences A-7 to A-14, except that early containment 
overpressure control by the containment spray system (CSS) fails.  

Sequences A-23 to A-44. Same as sequences A-I to A-22, except that initial core cooling 
-provided by the high-head safety injection system (HHI) fails. Core cooling is then provided 
by the low-head safety injection system using the RHR pumps (/LHI).  

Sequence A-45: A*/BI*/ACC*HHI*LHI*/CFC. Same as sequence A-i, except that both 
high- and low-head safety injection pumps fail to operate (HHI*LHI), precluding adequate 
'core cooling. This sequence results in core damage and a vulnerable containment.  

Sequence A-46: A*/BI*/ACC*HHI*LHI*CFC*/CSS. Same as sequence A-45 except that 
mechanical faults fail the containment fan coolers (CFC). Early containment overpressure 
control is provided by the containment spray system (/CSS) when containment pressure 
exceeds 22 psig. This sequence results in core damage and a vulnerable containment.  

Sequence A-47: A*/BI*/ACC*HHI*LHI*CFC*CSS. Same as sequence A-45 except that 
both containment fan coolers and sprays fail to provide early containment pressure control 
(CFC*CSS). This sequence results in core damage and a vulnerable containment.  

Sequences A-48 to A-72. Same as sequences A-23 to A-47 except that initial accumulator 
reflood fails (ACC).  

Sequences A-73 to A-144. Same as sequences A-i to A-72, except that offsite ac power to 
the 6.9-kV buses is unavailable (B1). However (/B2), onsite ac power is established..  
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* Sequence A-145: A*BI*B2. A large-break LOCA occurs (A) in a 29-in. RCS cold leg 
loop. Subsequently, offsite and onsite ac power to the 6.9-kV buses becomes unavailable 
(BI*B2). At this point, the frequency of this sequence is <10S/year. Therefore, the sequence 
was not developed further.  

Intermediate LOCA Seguences.  

Sequence SI-I: SI*/Bl*/HHI*/AFW*/ACC*/CFC*/ODEPR*/OLR*/LHIR. An 
intermediate break LOCA occurs (Si). Offsite ac power to the 6.9-kV buses is available 
(/B1). The break depressurizes the RCS and high-head safety injection and accumulator 
discharge occur (/HHI*/ACC). Secondary cooling is provided by the auxiliary feedwater 
system (/AFW). Subsequently, with containment pressure increasing because of the break, the 
fan coolers initiate their emergency mode of operation (/CFC). Preparation for long-term 
cooling begins with RCS post-LOCA cooldown and depressurization (/ODEPR). Because the 
location of the break precludes the use of the RHR system for shutdown cooling, the operator 
initiates long-term cold-leg recirculation following depletion of RWST inventory (/OLR).  
The recirculation system pumps provide core cooling (/LHIR). This sequence results in a safe 
core and containment.  

Sequence S1-2: Si*JBI*/HHI*/AFW*/ACC*/CFC*/ODEPR*/OLR*LHIR* 
/LHER. Same as sequence S I-I except that random mechanical faults fail the recirculation 
system pumps during long-term core cooling (LHIR). The operator then uses the RHR 
system pumps to provide core cooling (/LHER). This sequence results in a safe core and 
containment.  

Sequence S1-3: Si*JBI*JHHI*/AFW*/ACC*/CFC*/ODEPR*/OLR*LHIR*LHER. Same 
as sequence S I-I except that random mechanical faults fail both the recirculation and RHR 
pumps during long-term recirculation core cooling (LHIR*LHER). This sequence results in 
core damage and a vulnerable containment.  

Sequence S1-4: S1*/Bi*/HHI*/AFW*/ACC*/CFC*/ODEPR*OLR. Same as sequence 
SI-1 except that following RWST depletion, the operator fails to initiate long-term 
recirculation core cooling in time (OLR). This sequence results in core damage and a 
vulnerable containment.  

Sequence SI-5: SI*/Bl*/HHI*/AFW*/ACC*/CFC*ODEPR*/OHR*/HHIR. Same as 
sequence Si- 1 except that RCS depressurization for post LOCA cooldown fails (ODEPR).  
Upon RWST depletion, long-term core cooling is established by the operator with high-head 
recirculation using the recirculation system pumps (/OHR*/HHIR). This sequence results in a 
safe core and containment.  

Sequence S1-6: S */B */HHI*/AFW*/ACC*/CFC*ODEPR*/OHR*HHIR*/HHER. Same 
as sequence Si-5 except that random mechanical faults fail high-head recirculation using the 
recirculation system (HHIR). The operator then uses the RHR pumps for long-term cold-leg
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recirculation core cooling (/HHER). This sequencC results in a safe core and containment.  

Sequence S1-7: SI*/Bl*/HHI*/AFW*/ACC*/CFC*JODEPR*./OHR*HHIR*HHER. Same 
as sequence SI -5 except that random mechanical faults fail all modes of operation of the 

high-head recirculation core cooling systems (HHIR*HHER). With no long-term core 

cooling, this sequence results in core damage and a vulnerable containment.  

Sequence S1-8: SI*/BI*/HHI*/AFW*/ACC*/CFC*ODEPR*OHR. Same as sequence SI

5 except the operator fails to align high-head recirculation core cooling (OHR) after a failure 

to depressurize the RCS (ODEPR). This sequence results in core damage and a vulnerable 
containment.  

Sequence S1-9: SI*/BI*/HHI*/AFW*/ACC*CFC*/CSS*/ODEPR*/OLR*/LHIR* 
/CDHR1. Same as sequence S1-I except that random mechanical faults fail the fan coolers 
(CFC). Early containment overpressure control is provided by the containment spray system 
(/CSS). After RWST depletion and a successful changeover to cold-leg long-term 
recirculation flow (/OLR*/LHIR), late containment overpressure control is provided by 
placing a RHR heat exchanger in service (/CDHR1). This sequence results in a safe core and 
containment.  

Sequence Sl-10: SI*/BI*/HHI*/AFW*/ACC*CFC*/CSS*/ODEPR*/OLR*/LHIR* 
CDHR1. Same as sequence S 1-9, except that no long-term containment heat removal is 

provided by the fan coolers and RHR heat exchangers (CFC*CDHR1). This sequence results 
in containment failure and a vulnerable core.  

Sequences SI-11 and Sl-12. Same as sequences S1-9 and SI-10 except that random 
mechanical faults fail the recirculation system (LHIR). The operator then uses the RHR 
system for long-term recirculation core cooling and containment decay heat removal.  

Sequence S1-13: SI*/BI*IHHI*/AFW*/ACC*CFC*/CSS*/ODEPR*/OLR*LHIR* 
LHER. Same as sequence Si-9, except that random mechanical faults fail both the 
recirculation and RHR systems (LHIR*LHER). With no long-term core cooling, this 
sequence results in core damage and a vulnerable containment.  

Sequence S1-14: SI*/BI*/HHI*/AFW*/ACC*CFC*/CSS*/ODEPR*OLR. Same as 

sequence S1-9 except that, after RWST depletion, the operator fails to initiate long-term 
recirculation core cooling in time (OLR). This sequence results in core damage and a 
vulnerable containment.  

Sequence S1-15: S1 */B1 */HHI*/AFW*/ACC*CFC*/CSS*ODEPR*/OHR*/HHIR* 
/CDHR1. Same as sequence S1-9 except that RCS depressurization fails (ODEPR). The 

operator then uses the recirculation system pumps to provide high-head recirculation 
(/OHR*/HHIR). Late containment overpressure control is provided by placing one RHR heat 

exchanger in service (/CDHR1). This sequence results in a safe core and containment.
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S Sequence S1-16: SI*/BI*JHHI*/AFW*/ACC*CFC*/CSS*ODEPR*/OHR*/HHIR* 
W CDHR1. Same as sequence S 1-15 except that long-term containment heat removal fails 

(CFC*CDHR1). This sequence results in containment failure and a vulnerable core.  

Sequences S1-17 and 18. Same as sequences S1-15 and SI-16 except that random 

mechanical faults fail the recirculation system pumps during high-head recirculation (HHIR).  
The operator then uses the RHR pumps for high-head recirculation core cooling (/HHER).  

Sequence S1-19: SI*/BI*/HHI*/AFW*/ACC*CFC*/CSS*ODEPR*/OHR*HHIR 

*HHER. Same as sequence S1-15 except that random mechanical faults fail both the 

recirculation and RHR systems (HHIR*HHER). With no long-term core cooling, this 
sequence results in core damage and a vulnerable containment.  

Sequence S1-20: SI*/BI*/HHI*/AFW*/ACC*CFC*/CSS*ODEPR*OHR. Same as 
sequence SI -15 except that the operator fails to align high-head recirculation core cooling 
(OHR) after a failure to depressurize the RCS (ODEPR). This sequence results in core 
damage and a vulnerable containment.  

Sequences S1-21 to S1-32. Same as sequences S1-9 to S1-20 except that early containment 
overpressure control using the containment spray system fails (CSS).  

Sequence S1-33: SI*/BI*/HHI*/AFW*ACC*/ODEP*/LHI*/CFC*/OLR*/LHIR. Same as : 

sequence SI-1 except that the accumulators fail to discharge (ACC). As a result, HHSI 
cannot provide sufficient core cooling. This necessitates RCS depressurization (/ODEP) and 

initiation of the LHSI pumps for early core cooling (/LHI). This sequence results in a safe 
core and containment.  

Sequence S1-34: SI*/BI*/HHI*/AFW*ACC*/ODEP*/LHI*/CFC*/OLR*LHIR* 
/LHER. Same as sequence S1-33 except that random mechanical faults fail the recirculation 
system (LHIR). The operator then uses the RHR system for long-term recirculation core 
cooling and containment decay heat removal (/LHER). This sequence results in a safe core 
and containment.  

Sequence S1-35: SI*/BI*,HHI*/AFW*ACC*/ODEP*/LHI*/CFC*/OLR*LHIR* 
LHER. Same as sequence S1-33 except that random mechanical faults fail both the 
recirculation and RHR systems (LHIR*LHER). With no long-term core cooling, this 
sequence results in core damage and a vulnerable containment.  

Sequence Sl-36: SI*/BI*/HHI*/AFW*ACC*/ODEP*/LHI*/CFC*OLR. Same as 
sequence S 1-33 except that, after RWST depletion, the operator fails to initiate long-term 
recirculation core cooling in time (OLR). This sequence results in core damage and a 
vulnerable containment.
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Sequence S1-37: SI*/BI*/HHI*/AFW*ACC*/ODEP*/LHI*CFC*/CSS*/OLR* 
/LHIR*/CDHR1. Same as sequence SI-33 except that random mechanical faults fail the fan 
coolers (CFC). Early containment overpressure control is provided by the containment spray 
system (/CSS). After RWST depletion and changeover to cold-leg long-term recirculation 
flow (/OLR*/LHIR), late containment overpressure control is provided by placing one RHR 
heat exchanger in service (/CDHR1). This sequence results in a safe core and containment.  

Sequence S1-38: SI*/BI*/HHI*/AFW*ACC*/ODEP*/LHI*CFC*/CSS*/OLR* 
/LHIR*CDHR1. Same as sequence S1-37 except that the fan coolers and RHR heat 
exchangers fail to provide long-term containment heat removal (CFC*CDHR1). This 
sequence results in containment failure and a vulnerable core.  

Sequences S1-39 and S1-40. Same as sequences SI-37 and S1-38 except that random 
mechanical faults fail the recirculation system pumps during low-head recirculation (LHIR).  
The operator then uses the RHR pumps for low-head recirculation core cooling (/LHER).  

Sequence S1-41: SI*/BI*/HHI*/AFW*ACC*/ODEP*/LHI*CFC*/CSS*/OLR* 
LHIR*LHER. Same as sequence S1-37 except that random mechanical faults fail both the 
recirculation and RHR systems (LHIR*LHER). With no long-term core cooling, this 
sequence results in core damage and a vulnerable containment.  

Sequence S1-42: Sl*/BI*/HHI*/AFW*ACC*/ODEP*/LHI*CFC*/CSS*OLR. Same as 
sequence S 1-37 except that following RWST depletion, the operator fails to initiate long-term 
recirculation core cooling in time (OLR). This sequence results in core damage and a 
vulnerable containment.  

Sequences S1-43 to S1-48. Same as sequences S1-37 to S1-42 except that the containment 
spray system fails to provide early containment overpressure control (CSS).  

Sequence S1-49: S1*JBI*I-HI*/AFW*ACC*/ODEP*LHI*/CFC. Same as sequence S1-33 
except that random mechanical faults fail LHSI pumps (LHI). With no initial core cooling, 
this sequence results in core damage and a vulnerable containment.  

Sequence Sl-50: Sl*/BI*/HHI*/AFW*ACC*/ODEP*LHI*CFC*/CSS. Same as sequence 
S1-49 except that mechanical faults fail the containment fan coolers (CFC). Early 
containment overpressure control is provided by the containment spray system (/CSS) when 
containment pressure exceeds 22 psig. This sequence results in core damage and a vulnerable 
containment.  

Sequence Sl-51: S1*/B1*/HHI*/AFW*ACC*/ODEP*LHI*CFC*CSS. Same as sequence 
S 1-49 except that both containment fan coolers and sprays fail to provide early containment 
pressure control (CFC*CSS). This sequence results in core damage and a vulnerable 
containment.  
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* Sequences S1-52 to S1-54. Same as sequences S1-49 to S1-51 except that RCS depressurization fails (ODEP). With no initial core cooling, these sequences result in core 
damage and a vulnerable containment.  

Sequence S1-55: SI*/BI*/HHI*AFW*/ACC*/CFC*/OHR*/HHIR. Same as sequence SI-I 
except that secondary cooling using the auxiliary feedwater system fails (AFW). This failure 
will not prevent HHSI core cooling operation (/HHI), because the break itself leads to RCS 
depressurization below the HHSI shut-off head. However, AFW failure precludes adequate 
post-LOCA cooldown. Therefore, upon RWST depletion, the operator initiates high-head 
long-term cold-leg recirculation core cooling (/OHR). The recirculation system pumps 
provide core cooling (/HHIR). This sequence results in a safe core and containment.  

Sequence S1-56: SI*/BI*/HHI*AFW*/ACC*/CFC*/OHR*HHIR*/HHER. Same as 
sequence S1-55 except that random mechanical faults fail the recirculation system pumps 
during high head recirculation (HHIR). The operator then uses the RHR pumps for high-head 
recirculation core cooling (/HHER).  

Sequence S1-57: SI*/BI*/HHI*AFW*/ACC*/CFC*/OHR*HHIR*HHER. Same as 
sequence S1-55, except that random mechanical faults fail both the recirculation and RHR 
systems (HHIR*HHER). With no long-term core cooling, this sequence resulfs in core 
damage and a vulnerable containment.  

Sequence SI-58: S1*/B1*/IIHI*AFW*/ACC*/CFC*OHR. Same as sequence S1-55 except 
that the operator fails to align high-head recirculation core cooling (OHR) after RWST 
depletion. This sequence results in core damage and a vulnerable containment.  

Sequeice S1-59: S1 *IBI */HHI*AFW*/ACC*CFC*/CSS*/OHR*IHHIR*/CDHR1. Same 
as sequence S1-55 except that random mechanical faults fail the fan coolers (CFC). Early 
containment overpressure control is provided by the containment spray system (/CSS). After 
RWST depletion and changeover to high-head cold-leg long-term recirculation flow 
(/OHR*/HHIR), late containment overpressure control is provided by placing one RHR heat 
exchanger in service (/CDHR1). This sequence results in a safe core and containment.  

Sequence S1-60: SI*/BI*/HHI*AFW*/ACC*CFC*/CSS*/OHR*JHHIR*CDHR1. Same 
as sequence S1-59 except that no long-term containment heat removal is provided by the fan 
coolers and RHR heat exchangers (CFC*CDHR1). This sequence results in containment 
failure and a vulnerable core.  

Sequences S1-61 and S1-62. Same as sequences SI-59 and S1-60 except that random 
mechanical faults fail the recirculation system pumps during high head recirculation (HHIR).  
The operator then uses the RHR pumps for high-head recirculation core cooling (/HHER).  

Sequence S1-63: SI*/BI*/HHI*AFW*/ACC*CFC*/CSS*/OHR*HHIR*HHER. Same as 
sequence S1-59 except that random mechanical faults fail both the recirculation and RHR
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systems (HHIR*HHER). With no long-term core cooling, core damage and a vulnerable 

containment result.  

Sequence S1-64: Si*/BI*/HHI*AFW*/ACC*CFC*/CSS*OHR. Same as sequence SI-59 

except that the operator fails to align high-head recirculation core cooling (OHR) after RWST 

depletion. This sequence results in core damage and a vulnerable containment.  

Sequences S1-65 to S1-70. Same as sequences S1-59 to S1-64, except that the containment 

spray system fails to provide early containment overpressure control (CSS).  

Sequence S1-71: SI*/BI*/HHI*AFW*ACC*/CFC. Same as sequence S1-55 except that 

the accumulators fail to discharge (ACC) and, as a result, HHSI cannot provide adequate 

early core cooling. This sequence results in core damage and a vulnerable containment.  

Sequence S1-72: SI*/B1*/HHI*AFW*ACC*CFC*/CSS. Same as sequence S1-71 except 

that the containment fan coolers fail to operate (CFC). Early containment overpressure 

control is provided by the containment spray system (/CSS). This sequence results in core 

damage and a vulnerable containment.  

"Sequence S1-73: SI*/BI*/HHI*AFW*ACC*CFC*CSS. Same as sequence S1-72 except 

that both containment fan coolers and sprays (CFC*CSS) fail. This sequence results in core 

damage and a vulnerable containment.  

Sequences S1-74 to S1-89. Same as sequences S1-33 to S1-48, except that HHSI fails to 

provide initial core cooling (HHI). Auxiliary feedwater is available for secondary cooling.  

However, the initial core cooling provided as the accumulators discharge into their associated 

RCS cold legs will be inadequate because RCS pressure remains above the LHSI pump shut

off head. Therefore, the operator cools the RCS and depressurizes it (/ODEP). After RCS 

depressurization, core cooling is provided by the low-head safety injection system (/LHI).  

Sequence S1-90: S1*/BI*HHI*/AFW*/ACC*/ODEP*LHI*/CFC. Same as sequence S1-1 

except that both HHSI and LHSI pumps fail to operate (HHI*LHI), precluding adequate core 

cooling. This sequence results in core damage and a vulnerable containment.  

Sequence S1-91: S1*/BI*HHI*/AFW*/ACC*/ODEP*LHI*CFC*/CSS. Same as sequence 

S1-90 except that random mechanical faults fail the fan coolers (CFC). Early containment 

overpressure control is provided by the containment spray system (/CSS). This sequence 

results in core damage and a vulnerable containment.  

Sequence S1-92: SI*/Bl*HHI*/AFW*/ACC*/ODEP*LHI*CFC*CSS. Same as sequence 

S1-90, except that both containment fan coolers and sprays fail to provide early containment 

pressure control (CFC*CSS). This sequence results in core damage and a vulnerable 
containment.  
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Sequences S1-93 to S1-95. Same as sequences S1-90 to S1-92, except that RCS 
depressurization fails (ODEP). With no initial core cooling, these sequences result in core 
damage and a vulnerable containment.  

Sequences S1-96 to S1-98. Same as sequences S1-90 to SI-92 except the accumulators fail 
to discharge (ACC). Without initial core cooling, RCS depressurization and LHSI will be too 
late to prevent core damage. These sequences result in core damage and a vulnerable 
containment.  

Sequences S1-99 to S1-101. Same as sequences S1-90 to SI-92 except that both HHSI and 
AFW fail (HHI*AFW), precluding any attempt at RCS depressurization and LHSI core 
cooling. These sequences result in core damage and a vulnerable containment.  

Sequences S1-102 to S1-202. Same as sequences SI-1 to SI-101 except that offsite ac power 
to the 6.9-kV buses is unavailable (BI). However, onsite ac power is established (/B2).  

Sequence S1-203: SI*B1*B2. An intermediate break LOCA occurs (S1). Subsequently, 
offsite and onsite ac power to the 6.9-kV buses becomes unavailable (BI*B2). At this point, 
the frequency of the sequence is <1 08/year; therefore, the sequence was not developed further.  

Small-break LOCA Sequences.  

Sequence S2-1: S2*/C*/BI*/AFW*/HHI*/CFC*/ODEPR*/OLR*/LHIR. A small-break 
LOCAoccurs (S2) and the reactor scrams. The reactor protection system releases the control 
rods, and they drop into the core (/C). Offsite ac power to the 6.9-kV buses is available 
(/B 1).-Upon receiving a safety injection actuation signal, the auxiliary feedwater system 
removes core decay heat through the steam generators (/AFW), allowing operation of the 
high-head safety injection system for core cooling (/HHI). Subsequently, with containment 
pressure increasing because of the break, the fan coolers initiate their emergency mode of 
operation (/CFC). Preparation for long-term cooling begins with RCS post-LOCA cooldown 
and depressurization (/ODEPR). Because the location of the break precludes the use of the 
RHR system for shutdown cooling, the operator initiates long-term cold-leg recirculation 
following depletion of RWST inventory (/OLR). Recirculation system pumps provide 
long-term core cooling (/LHIR) by taking suction from the recirculation sump and discharging 
flow into an RCS 10-in. cold leg. This sequence results in a safe core and containment.  

Sequence S2-2: S2*IC*IBI*/AFW*IHHI*/CFC*/ODEPR*/OLR*LHIR*JLHER. Same as 

sequence S2-1 except that random mechanical faults fail the recirculation system pumps 
(LHIR). The operator then uses the RI-IR pumps for long-term cold-leg recirculation core 
cooling (/LHER).  

Sequence S2-3: S2*/C*/BI*/AFW*/HHI*/CFC*/ODEPR*/OLR*LHIR*LHER. Same as 

sequence S2-1 except that random mechanical faults fail both the recirculation and RHR 
systems (LHIR*LHER). With no long-term core cooling, this sequence results in core
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damage and a vulnerable containment.

Sequence S2-4: S2*/C*/BI*/AFW*/HHI*/CFC*/ODEPR*OLR. Same as sequence'S2-1 
except that, following RWST depletion, the operator fails to initiate long-term recirculation 
core cooling in time (OLR). This sequence results in core damage and a vulnerable 
containment.  

Sequence S2-5: S2*/C*/BI*/AFW*/HHI*/CFC*ODEPR*/OHR*/HHIR. Same as 
sequence S2-1 except that RCS depressurization required for operation of low-head long-term 
cold-leg recirculation core cooling fails (ODEPR). The operator then performs high-head 
recirculation using the recirculation system pumps (/OHR*/HHIR). This sequence results in a 
safe core and containment.  

Sequence S2-6: S2*/C*/Bl*/AFW*/HHI*/CFC*ODEPR*/OHR*HHIR*/HHER. Same as 
sequence S2-5 except that random mechanical faults fail the recirculation system pumps 
(HHIR). The operator then uses the RHR pumps for long-term cold-leg recirculation core 
cooling (/HHER).  

Sequence S2-7: S2*/C*/BI*/AFW*/HHI*/CFC*ODEPR*/OHR*HHIR*HHER. Same as 
sequence S2-5 except that random mechanical faults fail all modes of operation of the high
head recirculation core cooling systems (HHIR*HHER). With no other system available for 
long-term core cooling, this sequence results in core damage and a vulnerable containment.  

Sequence S2-8: S2*/C*/BI*/AFW*/HHI*/CFC*ODEPR*OHR. Same as sequence S2-5 
except that the operator fails to align high-head recirculation core cooling (OHR) after a 
failure to depressurize the RCS (ODEPR). This sequence results in core damage and a 
vulnerable containment.  

Sequence S2-9: S2*/C*/BI*/AFW*HHI*CFC*ICSS*/ODEPR*/OLR*ILHIR*/CDHRI.  
Same as sequence S2-1, except that the fan coolers fail to start on-high containment pressure 
(CFC). Instead the containment spray system (/CSS) initiates and late containment 
overpressure control is provided by placing one RHR heat exchanger in service (/CDHR1).  
This sequence results in a safe core and containment.  

Sequence S2-10: S2*/C*IBI*/AFW*IHHI*CFC*/CSS*/ODEPR*/OLR*ILHIR*CDHR1.  
Same as sequence S2-9 except that both the fan coolers and RHR heat exchangers fail to 

,provide long-term containment heat removal (CFC*CDHR1). This sequence results in 
containment failure and a vulnerable core.  

Sequences S2-11 and S2-12. Same as sequences S2-9 and S2-10 except that random 
mechanical faults fail the recirculation system pumps (LHIR). The operator then uses the 
RHR for recirculation core cooling (/LHER).  
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* Sequence S2-13: S2*/C*/BI*/AFW*/HHI*CFC*/CSS*/ODEPR*/OLR*LHIR*LHER.  
Same as sequence S2-9 except that random mechanical faults fail both the recirculation and 
RHR systems (LHIR*LHER). With no long-term core cooling, this sequence results in core 
damage and a vulnerable containment.  

Sequence S2-14: S2*/C*/BI*/AFW*IHHI*CFC*/CSS*/ODEPR*OLR. Same as sequence 
S2-9 except that the operator fails to initiate long-term recirculation core cooling in time 
(OLR). This sequence results in core damage and a vulnerable containment.  

Sequence S2-15: S2*/C*/BI*/AFW*/HHI*CFC*/CSS*ODEPR*/OHR*/HHIR*/CDHR1.  
Same as sequence S2-9 except that RCS depressurization fails (ODEPR). The operator then 
uses the recirculation system pumps to provide high-head recirculation (/OHR*/HHIR). Late 
containment overpressure control is provided by placing one RHR heat exchanger in service 
(/CDHR1). This sequence results in a safe core and containment.  

Sequence S2-16: S2*/C*/BI*/AFW*/HHI*CFC*/CSS*ODEPR*/OHR*/HHIR*CDHR1.  
Same as sequence S2-15 except that long-term containment heat removal fails (CFC* 
CDHRl). This sequence results in containment failure and a vulnerable core.  

Sequences S2-17 and S2-18. Same as sequences S2-15 and S2-16 except that random 
mechanical faults fail the recirculation system pumps during high-head recirculation (HHIR)i 
The operator then uses the RHR pumps for high-head recirculation core cooling (/HHER).  

Sequence S2-19: S2*/C*/BI*/AFW*/HHI*CFC*/CSS*ODEPR*/OHR*HHIR*HHER.  
Same as sequence S2-15 except that random mechanical faults fail high-head recirculation 
core c0oling (HHIR*HHER). This sequence results in core damage and a vulnerable 
containment.  

Sequence S2-20: S2*/C*/BIl*/AFW*/HHI*CFC*/CSS*ODEPR*OHR. Same as sequence 
S2-15 except that the operator fails to align high-head recirculation" core cooling (OHR) after 
failure of RCS depressurization (ODEPR). This sequence results in core damage and a 
vulnerable containment.  

Sequences S2-21 to S2-32. Same as sequences S2-9 to S2-20 except that early containment 
spray system operation fails (CSS).  

Sequence S2-33: $2*/C*/B1*/AFW*HHI*/ODEP*/LHI*/CFC*/OLR*/LHIR. Same as 
sequence S2-1, except that high-head safety injection fails (HHI). -The operator cools down 
and depressurizes the RCS (/ODEP). After RCS depressurization, core cooling is provided by 
the LHSI system (/LHI). Upon RWST depletion, the operator initiates long-term cold-leg 
recirculation (/OLR). Recirculation system pumps provide long-term core cooling (/LHIR).  
This sequence results in a safe core and containment.
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Sequence S2-34: S2*/C*/BI*/AFW*HHI*/ODEP*/LHI*/CFC*/OLR*LHIR*/LHER.  
Same as sequence S2-33 except that random mechanical faults fail recirculation system pumps O 
(LHIR). The operator then uses the RHR pumps for long-term cold-leg recirculation core 
cooling (/LHER). This sequence results in a safe core and containment.  

Sequence S2-35: S2*/C*/BI*/AFW*HHI*/ODEP*/LHI*/CFC*/OLR*LHIR*LHER.  
Same as sequence S2-33 except that random mechanical faults fail both the recirculation and 
RHR systems (LHIR*LHER). With no long-term core cooling, this sequence results in core 
damage and a vulnerable containment.  

Sequence S2-36: S2*/C*/BIl*/AFW*HHI*/ODEP*/LHI*/CFC*OLR. Same as sequence 
S2-33 except that, following RWST depletion, the operator fails to initiate long-term 
recirculation core cooling in time (OLR). This sequence results in core damage and a 
vulnerable containment.  

Sequence S2-37: S2*/C*/BIl*/AFW*HHI*/ODEP*/LHI*CFC*/CSS*/OLR*/LHIR* 
/CDHR1. Same as sequence S2-33 except that the fan coolers fail to start on high 
containment pressure (CFC). The containment spray system then begins to operate (/CSS).  
After RWST depletion and changeover to low-head cold-leg long-term recirculation flow 
(/OLR*/LHIR), late containment overpressure control is provided by placing one RHR heat 
exchanger in service (/CDHR1). This sequence results in a safe core and containment.  

Sequence S2-38: S2*/C*/BIl*/AFW*HHI*/ODEP*/LHI*CFC*/CSS*/OLR*/LHIR* 
CDHR1. Same as sequence S2-33 except that both the fan coolers and RHR heat exchangers 
fail to provide long-term containment heat removal (CFC*CDHR1). This sequence results in 
containment failure and a core vulnerable state.  

Sequences S2-39 and S2-40. Same as sequences S2-37 and S2-38 except that random 
mechanical faults fail the recirculation system pumps (LHIR). The operator then uses the 
RHR for recirculation core cooling (/LHER).  

Sequence S2-41: S2*/C*/Bl*/AFW*HHI*/ODEP*/LHI*CFC*/CSS*/OLR*LHIR* 
LHER. Same as sequence S2-37 except that random mechanical faults fail both the 
recirculation and RHR systems (LHIR*LHER). With no long-term core cooling, this sequence 
results in core damage and a vulnerable containment.  

"Sequence S2-42: S2*/C*/BI*/AFW*HHI*/ODEP*/LHI*CFC*/CSS*OLR. Same as 
sequence S2-37 except that the operator fails to initiate long-term recirculation core cooling in 
time (OLR). This sequence results in core damage and a vulnerable containment.  

Sequences S2-43 to S2-48. Same as sequences S2-37 to S2-42 except that early containment 
spray system operation fails (CSS).  
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* Sequence S2-49: S2*/C*/BI*/AFW*HHI*/ODEP*LHI*/CFC. Same as sequence S2-33 except that random mechanical faults fail LHSI (LHI). The failure of initial core injection 

precludes operation of the recirculation system because the water level in the recirculation 
sump is too low to support recirculation core cooling. This sequence results in core damage 
and a vulnerable containment.  

Sequence S2-50: S2*/C*/B1*/AFW*HHI*/ODEP*LHI*CFC*/CSS. Same as sequence S2
49, except that random mechanical faults fail the containment fan coolers (CFC). Early 
containment overpressure control is provided by the containment spray system when 
containment pressure exceeds 22 psig (/CSS). This sequence results in core damage and a 
vulnerable containment.  

Sequence S2-51: S2*/C*/B1*/AFW*HHI*/ODEP*LHI*CFC*CSS. Same as sequence 
S2-49, except that both containment fan coolers and sprays fail to provide early containment 
pressure control (CFC*CSS). This sequence results in core damage and a vulnerable 
containment.  

Sequence S2-52: S2*/C*/B1*/AFW*HHI*ODEP. Same as sequence S2-33, except that 
RCS depressurization fails (ODEP). With no initial core cooling, this sequence results in core 
damage and a vulnerable containment.  

Sequence S2-53: S2*/C*IBI*AFW*/HHI*JFB*/CFC*/OHR*/HHIR. Same as sequence 
* S2-1, except that the auxiliary feedwater system fails to remove core decay heat through the 

steam generators (AFW). Because RCS pressure remains above the high-head safety injection 

systerm pump shut-off head, the operator opens all PORVs, effectively increasing the RCS 

break size. As RCS water inventory decreases, RCS pressure falls sufficiently to allow the 
HHSI system to cool the core and RCS bleed-and-feed operation. When RWST inventory is 
depleted the operator initiates high-head cold-leg recirculation core cooling (/OHR).  
Recirculation system pumps provide long-term core cooling (/HHIR). This sequence results 
in a safe core and containment.  

Sequence S2-54: S2*/C*/BI*AFW*/HHI*/FB*/CFC*/OHR*HHIR*/HHER. Same as 
sequence S2-53, except that random mechanical faults fail the recirculation system pumps 
during high head recirculation (HHIR). The operator then uses the RHR pumps for high head 
recirculation core cooling (/HHER).  

Sequence S2-55: S2*/C*/BI*AFW*/HHI*/FB*/CFC*/OHR*HHIR*HHER. Same as 
sequence S2-53, except that random mechanical faults fail high-head recirculation core 
cooling (HHIR*HHER). This sequence results in core damage and a vulnerable containment.  

Sequence S2-56: S2*/C*/BI*AFW*/HHI*/FB*/CFC*OHR. Same as sequence S2-53, 
except the operator fails to align high-head recirculation core cooling (OHR) after RWST 
depletion. This sequence results in core damage and a vulnerable containment.

3-39



Sequence S2-57: S2*/C*/BI*AFW*/HHI*/FB*CFC*/CSS*/OHR*/HHIR*/CDHR1. Same 
as sequence S2-53, except that the fan coolers fail to start on high containment pressure 
(CFC). The containment spray system (/CSS) then starts. After RWST depletion and 
changeover to high-head cold-leg long-term recirculation flow (/OHR*/HHIR), late 
containment overpressure control is provided by placing one RHR heat exchanger in service 
(/CDHR1). This sequence results in a safe core and containment.  

Sequence S2-58: S2*/C*/BI*AFW*/HHI*/FB*CFC*/CSS*/OHR*/HHIR*CDHR1. Same 
as sequence S2-57, except that late containment heat removal fails (CFC*CDHRI). This 
sequence results in containment failure and a vulnerable core.  

Sequences S2-59 and S2-60. Same as sequences S2-57 and S2-58, except that random 
mechanical faults fail the recirculation system pumps during high-head recirculation (HHIR).  
The operator then uses the RHR pumps for high-head recirculation core cooling (/HHER).  

Sequence S2-61: S2*/C*/BI*AFW*/HHI*/FB*CFC*/CSS*/OHR*HHIR*HHER. Same 
as sequence S2-57, except that random mechanical faults fail high-head recirculation core 
cooling (HHIR*HHER). This sequence results in core damage and a vulnerable containment.  

Sequence S2-62: S2*/C*/BI*AFW*/HHI*/FB*CFC*/CSS*OHR. Same as sequence S2
57, except that the operator fails to align high-head recirculation core cooling (OHR) 
following RWST depletion. This sequence results in core damage and a vulnerable 
containment.  

Sequences S2-63 to S2-68. Same as sequences S2-57 to S2-62, except that early containment 
sprays fail (CSS).  

Sequence S2-69: S2*/C*/Bl*AFW*/HHI*FB*/CFC. Same as sequence S2-53, except that 
the PORVs fail to open (FB). This failure prevents operation of the HHSI system and, with 
no alternative paths available for core decay heat removal, LHSI is precluded. Containment 
pressure control is provided by the containment fan coolers (/CFC). This sequence results in 
core damage and a vulnerable containment.  

Sequence S2-70: S2*/C*/BI*AFW*/HHI*FB*CFC*/CSS. Same as sequence S2-69, except 
that random mechanical faults fail the containment fan coolers (CFC). Containment 
overpressure control is provided by the containment spray system (/CSS). This sequence 
results in core damage and a vulnerable containment.  

Sequence S2-71: S2*/C*/BI*AFW*[HHI*FB*CFC*CSS. Same as sequence S2-69, except 
that both containment fan coolers and sprays fail to provide early containment pressure control 
(CFC*CSS). This sequence results in core damage and a vulnerable containment.  

Sequences S2-72 to S2-74. Same as sequences S2-69 to S2-71, except that random faults fail 
the HHSI system (HHI). With no core decay heat removal provided by AFW and no bleed
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* and-feed core cooling, RCS depressurization and LHSI operation are precluded. The ensuing 
boil-off of the RCS water inventory leads to core damage and a vulnerable containment.  

Sequences S2-75 to S2-148. Same as sequences S2-1 to S2-74, except that offsite ac power 
to the 6.9-kV buses is unavailable (BI). However, onsite ac power is established (/B2).  

Sequence S2-149: S2*/C*BI*B2. A small-break LOCA occurs (S2) in the RCS and the 
reactor scrams (/C). Subsequently, offsite and onsite ac power to the 6.9-kV buses becomes 
unavailable (Bl*B2). At this point, the frequency of the sequence is <10 8/year; therefore, the 
sequence was not developed further.  

Sequence S2-150: $2*C. A small-break LOCA occurs (S2), which creates conditions 
leading to a reactor scram. The control rods are not inserted into the core (C). At this point, 
the sequence frequency is about 1 08/year. Because any additional failures leading to core 
damage would result in an even lower sequence frequency (<10 8/year), the sequence was not 
developed further.  

Small-Small LOCA Sequences.  

Sequence S3-1: S3*CHRG*/C*/BI*/P*/AFW*/HHI*/CFC*/ODEPR*/RHR-SD. A leak.  

occurs somewhere in the RCS (S3), and the charging system is unavailable to provide 
adequate makeup (CHRG). Subsequently a reactor scram occurs. The reactor protection 

S system releases the control rods, which drop into the core (/C). Offsite ac power to the 6.9-kV 
buses is available (/B1). The pressurizer PORVs reclose if opened (/P). Auxiliary feedwater 
flow begins and provides secondary cooling (/AFW). High-head safety injection initiates and 
provides initial core cooling (/HHI). With containment pressure increasing because of the 
break, the fan coolers begin emergency mode operation (/CFC). Preparation for long-term 
cooling begins with RCS post-LOCA cooldown and depressurization (/ODEPR) and the 
alignment of RHR shutdown cooling (/RHR-SD). This sequence results in a safe core and 
containment.  

Sequence S3-2: S3*CHRG*/C*/BI*/P*/AFW*/HHI*/CFC*/ODEPR*RHR-SD. Same as 
sequence S3-1, except that RHR shutdown cooling fails (RHR-SD), requiring the provision of 
low-head recirculation cooling for long-term core cooling. At this point, the sequence is 
transferred to the small LOCA event tree for further development.  

Sequence S3-3: S3*CHRG*/C*/BI*/P*/AFW*/HHI*/CFC*ODEPR. Same as sequence 
S3-1, except that the operator fails to depressurize the RCS (ODEPR): Subsequently, 
continued RCS blow down leads to RWST depletion and a requirement for long-term high
head recirculation core cooling. At this point the sequence is transferred to the small LOCA 
event tree for further development.  

Sequence S3-4: $3*CHRG*/C*/B1*/P*/AFW*/HHI*CFC. Same as S3-1, except that the 
containment fan coolers fail to operate (CFC). As containment pressure continues to rise,
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the containment spray system is initiated, precluding RHR shutdown cooling because the 
containment spray pump suction is drawn from the RWST. As a result, RWST depletion 
occurs before RHR shutdown cooling can be aligned. At this point, the sequence is 
transferred to the small LOCA event tree for further development.  

Sequence S3-5: S3*CHRG*/C*/BI*/P*/AFW*HHI. Same as S3-1, except that random 
mechanical faults fail the high-head safety injection system (HHI). This sequence is 
transferred to the small LOCA event tree for further development.  

Sequence S3-6: S3*CHRG*/C*/BI*/P*AFW. Same as S3-1, except that the auxiliary 
feedwater system fails to remove core decay heat through the steam generators (AFW).  
Because RCS pressure remains above the HHSI system pump shut-off head, the operator is 
required to perform bleed-and-feed core cooling. At this point the sequence is transferred to 
the small LOCA event tree for further development.  

Sequence S3-7: S3*CHRG*/C*/BI*P. Same as S3-1, except that HHSI flow causes the 
pressurizer PORVs to open. One of the PORVs fails to reclose (P), leading to a larger 
LOCA. Therefore, this sequence is transferred to the small LOCA event tree for further 
development.  

Sequences S3-8 to S3-14. Same as sequences S3-1 to S3-7, except that offsite ac power to 
the 6.9-kV buses is unavailable (B1). However, onsite ac power is established (/B2).  

Sequence S3-15: S3*CHRG*/C*BI*B2. A small-small-break LOCA occurs (S3) in the 
RCS, and the reactor scrams (/C). Subsequently, offsite and onsite ac power becomes 
unavailable (BI*B2). This sequence is transferred to the station blackout (SBO) event tree 
for further development.  

Sequence S3-16: S3*CIIRG*C. A small-small-break LOCA occurs (S3) which creates 
conditions for a reactor scram. The control rods are not inserted into the core (C). This 
sequence is transferred to the ATWS event tree for further development.  

3.1.3.2 Transient Initiators 

Introduction. The transient initiators examined were: 

" Loss of offsite power (LOOP)--TI initiator 

" Loss of main feedwater--T2 initiator 

* Turbine trip with main feedwater system available--T3 initiator.  
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* Four primary functions are involved in the response to transient initiators: reactor 
subcriticality, RCS integrity, secondary-side cooling, and reactor coolant pump (RCP) seal 
cooling. If successful, these functions lead to early transient mitigation. The failure of any 
function, however, transforms the sequence and requires additional mitigating functions. For 
example, a failure to provide reactor subcriticality results in an ATWS event; failure of RCS 
integrity (PORVs failing to reclose) results in a small LOCA event; failure to provide RCP 
seal cooling results in a vulnerable seal and, possibly, a small LOCA event; failure to provide 
secondary-side cooling leads to a demand for bleed-and-feed cooling, which will eventually 
require containment heat removal and recirculation cooling to stabilize plant conditions.  
Given loss of AFW, failure of bleed-and-feed cooling leads to core damage.  

Accident Progression.  

Loss of Offsite Power (T Initiator). A LOOP transient causes a reactor trip, turbine 
trip, and activation of onsite emergency power to supply vital 480-Vac safeguard buses 2A, 
3A, 5A, and 6A. The pressurizer PORVs may receive a signal to open and reclose because of 
the loss of forced flow through the steam generators and the consequent mismatch between 
the decay heat rate and secondary side heat removal--the main feedwater system and main 
condenser steam dump will also be unavailable. Consequently, steam generator water levels 
fall until a low-low steam generator water level is reached. The auxiliary feedwater system 
then starts and removes core decay heat through the steam generators. Continued AFW 
operation allows reactor core cooling by natural circulation to the steam generators (forced 

* flow is precluded because the initiator trips the RCPs) and eventually stabilizes plant 
conditions. Attention can then be focussed on the restoration of offsite power.  

AFW"' failure leads to a demand for bleed-and-feed cooling--initial core cooling provided by 
opening two PORVs and operating at least one high-head safety injection pump. Long-term 
cooling and successful mitigation require high-head recirculation cooling and containment heat 
removal.  

Loss of Main Feedwater (T2 Initiator). A loss of main feedwater transient 
progresses in a manner similar to a loss of offsite power event. With offsite ac power 
available, however, the condensate system can also provide secondary-side cooling to the 
steam generators.  

Turbine TriD With Main Feedwater Available (T3 Initiator). A turbine trip 
transient does not pose a significant threat to plant safety. The initiator results in a relatively 
mild transient if feedwater is supplied to the steam generators because secondary cooling is 
ensured by numerous pathways for steam removal. Reactor cooling can be provided by 
natural or forced circulation.
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Transient Initiator Assumptions.

" Normal pressurizer water inventory is sufficient to accommodate RCS inventory 
shrinkage that accompanies the transition from full power to hot shutdown.  

" Given AFW operation and RCS integrity, late core cooling and containment heat removal 
are not required.  

" Adequate RCP seal cooling can be provided by component cooling water flow to the RCP 
thermal barrier or by charging pumps seal injection flow.  

" RCS pressure relief using the safety relief valves (SRVs) is not required for transient 
initiators, provided a reactor scram occurs. However, RCS pressure may rise to the 
PORV setpoint, prompting PORV opening. Subsequently, the PORVs reclose (or are 
isolated) to maintain RCS integrity.  

" Transient sequences that involve a total loss of feedwater require bleed-and-feed cooling.  
Because such cooling violates RCS integrity, RCP seal cooling and seal LOCAs are not 
addressed in such transients.  

Transient Initiator Success Criteria. Success criteria for the transient initiators involve 
six functions: reactor subcriticality, early core cooling, RCS integrity, early containment 
overpressure control, late core cooling, and late containment overpressure control. Success 
criteria for the transient initiators are presented in Tables 3.1.3.5 through 3.1.3.7.  

Transient Event Trees. The event trees for loss of offsite power (TI), loss of main 
feedwater (T2), and turbine trip with feedwater available (T3) are shown in Figures 3.1.3.5 
through 3.1.3.7, respectively. The event trees display only the minimum combination of 
events required to prevent core damage. The top events in the transient event trees are: 

Transient Initiator (Ti). A loss of offsite power event occurs.  

Transient Initiator (T2). A loss of main feedwater event occurs.  

Transient Initiator (T3). A turbine trip occurs with main feedwater available.  

RPS Scram (C). Success implies all, or all but one, control rods are inserted into the reactor 
core; failure leads to an anticipated transient without scram (ATWS) event.  

Offsite ac Power Available (1). This event is considered for T2 and T3 sequences.  
Success implies offsite ac power is available; failure leads to a demand for onsite ac power.  

Onsite ac Power Available (B2). Success implies onsite ac power is available; failure leads 
to a plant station blackout event (SBO).  
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0

Reactor Early Core RCS Early Containment Late Core Late Containment 

Subcriticality Cooling Integrity Overpressure Control' Cooling Overpressure Control* 

A [RPS] A) [I of 3 AFW pumps injecting A) [1 of 3 charging A) [3 of 5 Fan Coolers in their A) [I of 3 AFW pumps A) [2 of 3 non-essential SWS 
into I of 4 steam generators] pumps for RCPs respective emergency mode injecting into I of 4 pumps 

seal injection operation steam generators] 
or and 

and and or 

B) [I of 3 H-I! pumps injecting I of 3 CCW pumps to 

into I of 4 RCS cold legs PORV reclosed 2 of 3 essential service B) [High-head associated RIHR IITXl 
(if opened)] water pumps] recirculation from I of 

and 3 IIHSI pumps and I and the following 
or or of 2 recirculation 

2 of 2 PORVs opened] pumps injecting into I 11 of 2 recirculation 
B) [I of 3 CCW B) [I of 2 CSS pumps] of 4 RCS cold legs" pumpsl 

pumps to RCP 
thermal barrier or or 

and C) [High-head I of 2 RIIR pumps] 
recirculation from I of 

PORV reclosed 3 HHSI pumps and I 
(if opened)] of 2 RHR pumps 

injecting into I out of 
4 RCS cold legs] 

- Required for sequences in which failure of secondary cooling occurs.

0.  
Table 3.1.3.5 

Loss of Offsite (Ti) Success Criteria



Table 3.1.3.6

Loss of Main Feedwater (T2) Success Criteria

- Required for sequences in which failure of secondary cooling occurs.  

0

Reactor Early Core RCS Early Containment Late Core late Containment 
Subcriticality Cooling Integrity Overpressure Control' Cooling Overpressure Control' 

A [RPS] A) [I of 3 AFW pumps injecting A) [I of 3 charging A) [3 of 5 Fan Coolers in their A) [I of 3 AFW pumps A) [2 of 3 non- essential 
into I of 4 steam generators] pumps for RCPs respective emergency mode injecting into I of 4 SWS pumps 

seal injection operation steam generators] 
or and 

and and or 
B) [I of 3 HHSI pumps injecting I of 3 CCW pumps to 

into I of 4 RCS cold legs PORV reclosed 2 of 3 essential service B) [Hligh-head associated RIIR IITX] 
(if opened)] water pumps] recirculation from I of 

and 3 11 ISI pumps and I and the following 
or or of 2 recirculation 

2 of 2 PORVs opened] pumps injecting into I 11 of 2 recirculation 
B) [I of 3 CCW B) [I of 2 CSS pumps] of 4 RCS cold legsf pumps] 

or pumps to RCP 
thermal barrier or or 

C) [I of 4 steam generators 
depressurized to 575 psig and C) [High-head [I of 2 RIIR pumps] 

recirculation from I of 
and PORV reclosed 3 tISI pumps and I 

(if opened)] of 2 RHR pumps 

I of 3 condensate pumps align injecting into I of 4 
for secondary cooling injecting RCS cold legs] 
into I of 4 steam generators]

0 0



0
Table 3.1.3.7 

Turbine Trip with Main Feedwater Available (T3) Success Criteria

Reactor Early Core RCS Early Containment late Core Late Containment 

Subcriticality Cooling Integrity Overpressure Control* Cooling Overpressure Control* 

A [RPS] A) [1 of 3 AFW pumps injecting A) [I of 3 charging A) [3 of 5 Fan Coolers in their A) 1i of 3 AFW pumps A) 12 of 3 non-essential SWS 
into I of 4 steam generators] pumps for RCPs respective emergency mode injecting into I of 4 pumps 

seal injection operation steam generators] 

or and 
and and or 

B) [1 of 2 main boiler feed pumps I of 3 CCW pumps to 
injecting into I of 4 steam PORV reclosed 2 of 3 essential service B) [High-head associated RtiR IITrX 

generators] (if opened)] water pumps] recirculation from I of 
3 t111SI pumps and I and the following 

or or or of 2 recirculation 
pumps injecting into I I of 2 recirculation 

C) [I of 3 HHSI pumps injecting B) [I of 3 CCW B) [I of 2 CSS pumps] of 4 RCS cold legsf pumps] 
into I of 4 RCS cold legs pumps to RCP 

thermal barrier or or 

and 
and C) [High-head [I of 2 RIIR pumps] 

2 of 2 PORVs opened] recirculation from I of 
PORV reclosed 3 HIIS1 pumps and I 

or (if opened)] of 2 RHR pumps 
injecting into I of 4 

D) [I of 4 steam generators RCS cold legs]* 
depressurized to 575 psig 

and 

I of 3 condensate pumps align 
for secondary cooling injecting 
into I of 4 steam generators]

- Required for sequences in which failure of secondary cooling occurs.
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Pressurizer PORV Recloses After Opening During Transient (P). Success implies 
reclosure of open PORVs when RCS pressure drops below the closure setpoint. The failure 
of one or two PORVs to reclose is designated as a "P" event.  

Reactor Coolant Pump Seal Cooling (SL). Success implies that sufficient cooling is 
provided by a component cooling or charging pump to maintain RCP seal integrity. Failure 
leads to RCP seal LOCA events.  

Auxiliary Feedwater System Secondary Cooling (AFW). Success of AFW in removing 
core decay heat implies the use of a motor- or steam-turbine-driven pump to provide 
feedwater to at least one steam generator.  

Main Feedwater System Secondary Cooling (MFW). This event is considered in sequences 
in which AFW secondary cooling fails. Success implies that one main boiler feedwater pump 
provides feedwater to at least one steam generator. Failure requires bleed-and-feed core 
cooling. Loss of offsite power (TI) and loss of main feedwater (T2) events imply the 
unavailability of the main feedwater system throughout the accident sequence. In all other 
transient-initiated sequences, current procedures direct the operator to trip the MFW system.  

Primary Cooling Bleed-and-Feed (FB). This event is considered for sequences that entail a 
loss of secondary cooling. Success implies the manual opening of both PORVs to reduce 
RCS pressure (bleed) and the injection of water via at least one HHSI pump for core cooling 
(feed).  

High-Head Safety Injection (HHI). This event is considered for sequences entailing bleed
and-feed operation. Success implies that at least one pump injects water into at least one 2-in.  
RCS cold leg. Failure requires that alternative core cooling be established.  

Operator Aligns Condensate System for Secondary Cooling (OCOND). This event is 
considered only for those sequences in-which high-head injection and auxiliary feedwater 
systems fail. Success implies depressurization of the secondary side and the alignment of the 
condensate system for secondary side cooling. It was conservatively assumed that there is 
insufficient time to align the condensate system for secondary cooling in scenarios in which 
the PORVs fail to open.  

Condensate System Provides Secondary-Side Cooling (COND). Success implies that at 
least one of three condensate pumps supplies water to one steam generator.  

Operator Initiates High-Head Recirculation Flow (OHR). This event is considered for 
sequences in which core cooling is provided by bleed-and-feed cooling. Success implies the 
manual initiation of long-term high-head recirculation cooling through the eight-switch 
sequence.  

High-Head Internal Recirculation via Recirculation Pumps (HHIR). This event is 
considered in sequences in which secondary side cooling is not provided. Success implies
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that at least one recirculation pump supplies water to the HHSI pump suction and one 2-in.  

RCS cold leg. Failure implies the need for high-head external recirculation.  

High-Head External Recirculation via RHR Pumps-(HHER). This event is considered in 

sequences in which secondary-side cooling is not provided. Success implies that at least one 

RHR pump supplies water to the HHSI pump suction and one 2-inch RCS cold leg.  

Containment Fan Coolers (CFC). Success of the fan coolers in containment decay heat 

removal implies the operation of at least three fan coolers, in their emergency mode, and of 

two essential service water pumps. Failure requires alternative methods for containment decay 

heat removal.  

Containment Spray System (CSS). Success implies adequate RWST inventory and use of at 

least one containment spray pump to provide early containment decay heat removal.  

Containment spray operation can continue after RWST depletion if a portion of the long-term 

recirculation core cooling flow is diverted to the containment spray headers.  

Containment Decay Heat Removal via Recirculation (CDHRI) or RHR pumps 

(CDHR2). CDHR1 and CDHR2 are considered in transient sequences involving successful 

operation of long-term recirculation core cooling via recirculation or RHR pumps. Success 

implies the use of at least one CCW system pump, one RHR heat exchanger, and two non

essential service water pumps to remove containment decay heat.  

Transient Sequences. In defining a sequence, a slash () preceding an event designator 

indicates the event is a success. Asterisks (*) separate the event designators.  

Loss of Offsite Power Sequences.  

Sequence TI-i: TI*/C*/B2*/P*/SL*/AFW. A loss of offsite power transient occurs (TI) 

followed by a reactor trip. The reactor scrams (/C). At least two divisions of emergency 

onsite ac power are supplied from safeguard buses 5A/6A, 5A/2A/3A, or 6A/2A/3A (/B2).  

(buses 2A and 3A function as a single bus). The pressurizer PORVs reclose, if opened (/P).  

The component cooling water system provides seal injection flow to the RCP seals, preventing 

seal degradation (/SL). The initiator causes the main feedwater system to trip. As a result, 

steam generator water levels fall until a low-low steam generator water level is reached. The 

AFW system initiates and removes core decay heat through the steam generators (/AFW).  

Subsequently, continued AFW operation provides reactor core cooling and eventual hot 

shutdown. This sequence results in a safe core and containment.  

Sequence T1-2: TI*/C*/B2*/P*/SL*AFW*/HHI*/FB*/CFC*/OHR*/HHIR. Same as 

sequence TI-1, except that the auxiliary feedwater system fails to remove core decay heat 

through the steam generators (AFW). Because RCS pressure remains high (above the high

head safety injection system pump shut-off head), the operator opens all PORVs, effectively 

inducing a RCS LOCA. As RCS water inventory decreases, RCS pressure falls enough to
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* allow high-head safety injection system core cooling (/HHI) and RCS bleed-and-feed 
operation (/FB). Subsequently, with containment pressure increasing because of PORV 
opening, the fan coolers start in their emergency mode of operation to provide containment 
overpressure control (/CFC). Because continued bleed-and-feed operation precludes the use of 
,the RHR system for shutdown cooling (as RCS pressure remaining above the RHR pump 
shut-off head), the operator initiates high-head long-term cold-leg recirculation following 
RWST depletion (/OHR). Recirculation system pumps provide long-term core cooling 
(/HHIR). This sequence results in a safe core and containment.  

Sequence T1-3: TI*/C*/B2*/P*/SL*AFW*/HHI*/FB*/CFC*/OHR*HHIR*/HHER. Same 
as sequence Ti-2, except that random mechanical faults fail the recirculation system pumps 
(HHIR). The operator then uses the RHR pumps for high-head long-term cold-leg 
recirculation core cooling (/HHER). This sequence results in a safe core and containment.  

Sequence T1-4: TI*/C*/B2*/P*/SL*AFW*/HHI*/FB*/CFC*/OHR*HHIR*HHER. Same 
as sequence Ti-2, except that random mechanical faults fail both the recirculation and RHR 
systems (HHIR*HHER). With no high-head long-term core cooling, this sequence results in 
core damage and a vulnerable containment.  

Sequence T1-5: TI*/C*/B2*/P*/SL*AFW*/HHI*/FB*/CFC*OHR. Same as sequence 
Ti-2, except that, after RWST depletion, the operator fails to initiate high-head long-term 
recirculation core cooling in time (OHR). This sequence results in core damage and a . vulnerable containment.  

Sequence T1-6: T */C*/B2*/P/SL*AFW*/HHI/FB*CFC/CSS/OHR*/HHIR*/CDHRI.  
Same as sequence Ti-2, except that the fan coolers fail to start on high containment pressure 
(CFC). The containment spray system (/CSS) then initiates when containment pressure 
reaches 22 psig. Late containment overpressure control is provided after RWST depletion and 
successful changeover to cold-leg long-term recirculation flow by placing one RHR heat 
exchanger in service (/CDHR1). This sequence results in a safe c6ie and containment.  

Sequence T1-7: TI*/C*IB2*IP*/SL*AFW*IHHI*FB*CFC*/CSS*/OHR*/HHIR*CDHRI.  
Same as sequence T1-6, except that both the fan coolers and RHR heat exchangers fail to 
provide long-term containment heat removal (CFC*CDHRI). This sequence results in 
containment failure and a vulnerable core.  

Sequences T1-8 and T1-9. Same as sequences T1-6 and T1-7, except that random 
mechanical faults fail the recirculation system pumps (HHIR). The operator then uses the 
RHR system for recirculation core cooling (/HHER) and long-term containment heat removal.  
(/CDHR2).  

Sequence TI-10: T */C*/B2*/P/SLAFW*/HHI*/fB*CFC/CSS/OHR*HHIR*HHER.  
Same as sequence T1-6, except that random mechanical faults fail both the recirculation and 
RHR (HHIR*HHER) systems. With no long-term core cooling, this sequence results in core
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damage and a vulnerable containment.

Sequence TI-l1: TI*/C*/B2*/P*/SL*AFW*IHHI*/FB*CFC*/CSS*OHR. Same as 

sequence T1 -6, except that after RWST depletion, the operator fails to initiate high-head 

long-term recirculation core cooling in time (OHR). This sequence results in core damage 

and a vulnerable containment.  

Sequences Tl-12 to T1-17. Same as sequences TI-6 to TI-i1, except that early containment 

spray operation fails (CSS).  

Sequence Tl-18: TI*/C*/B2*/P*/SL*AFW*/HHI*FB*/CFC. Same as sequence T1-2, 
except that the PORVs fail to open when the operator attempts to establish bleed-and-feed 

operation (FB). This occurrence prevents operation of the high-head safety injection system 

and precludes RCS depressurization and low-head safety injection. This sequence results in 

core damage and a vulnerable containment.  

Sequence Tl-19: TI*/C*/B2*/P*/SL*AFW*/HHI*FB*CFC*/CSS. Same as sequence 

TI-18, except that the fan coolers fail to start (CFC) on high containment pressure.  

Containment pressure control is then provided by the containment spray system (/CSS). This 

sequence results in core damage and a vulnerable containment.  

Sequence Tl-20: TI*/C*/B2*/P*/SL*AFW*/HHI*FB*CFC*CSS. Same as sequence 

Ti-18, except that both the fan coolers and containment spray system fail to provide early 

containment pressure control (CFC*CSS). This sequence results in core damage and a 

vulnerable containment.  

Sequence Tl-21: TI*/C*/B2*/P*/SL*AFW*HHI/*CFC. Same as sequence Ti-2, except 

that bleed-and-feed operation is precluded because high-head safety injection fails (HHI).  

Unable to depressurize the RCS for low-head injection, RCS boil-off occurs at the PORV 

setpoint. This sequence results in core damage and a vulnerable containment.  

Sequence Tl-22: TI*/C*/B2*/P*/SL*AFW*HHI*CFC*/CSS. Same as sequence TI-21, 

except that the fan coolers fail to operate (CFC). Early containment pressure control is 

provided by the containment spray system (/CSS). This sequence results in core damage and 

a vulnerable containment.  

Sequence Tl-23: TI*/C*/B2*/P*/SL*AFW*HHI*CFC*CSS. Same as sequence TI-21, 

except that both the fan coolers and containment spray system fail (CFC*CSS). This 

sequence results in core damage and a vulnerable containment.  

Sequence Tl-24: TI*/C*/B2*/P*SL. Same as sequence TI-1, except that RCP seal integrity 

is not maintained (SL). This situation leads to a vulnerable seal condition and possible seal 

LOCA. This sequence is transferred to the small LOCA event tree for further development.
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* Sequence T1-25: TI*/C*/B2*P. Same as sequence TI-1, except that a PORV fails to 
reclose (P). This failure causes a breach in RCS integrity. The sequence is then transferred 
to the small LOCA event tree for further development.  

Sequence T1-26: T1*/C*B2. A loss of offsite power transient occurs (Ti), and the reactor 
scrams (/C). Subsequently, onsite ac power becomes unavailable (B2). This sequence is 
transferred to the SBO event tree for further development.  

Sequence T1-27: TI*C. A loss of offsite power transient occurs (TI), which creates 
conditions leading to a reactor scram. The control rods are not inserted into the core (C).  
This sequence is transferred to the ATWS event tree for further development.  

Loss of Main Feedwater Sequences.  

Sequence T2-1: T2*/C*/B1*/P*/SL*/AFW. A loss of main feedwater event occurs (T2), 
causing a reactor scram (/C). Offsite ac power to the 6.9-kV buses is available (/BI). The 
pressurizer PORVs reclose, if opened (/P). Cooling water maintains RCP seal integrity (/SL).  
Auxiliary feedwater initiates on low-low steam generator water level and removes secondary 
heat (/AFW). Continued AFW operation allows for reactor core cooling and eventual hot 
shutdown. This sequence results in a safe core and containment.  

Sequence T2-2: T2*/C*/BI*/P*/SL*AFW*/HHI*/FB*/*CFC*/OHR*/HHIR. Same as 
sequence T2-1, except that the auxiliary feedwater system fails to remove core decay heat 
through the steam generators (AFW). This condition leads to RCS pressures above the high
head safety injection system pump shut-off head. The operator then opens all PORVs, and 
RCS depressurization occurs, allowing the high-head safety injection system to provide core..  
cooling during bleed-and-feed operation (/HHI*/FB). Subsequently, with containment 
pressure increasing because of the opened PORVs, the fan coolers start in their emergency 
mode of operation to provide containment overpressure control (/CFC). Because continued 
bleed-and-feed operation precludes the use of the RHR system in shutdown cooling, the 
operator initiates high-head long-term cold-leg recirculation after RWST depletion (/OHR).  
Recirculation system pumps provide long-term core cooling (/HHIR). This sequence results 
in a safe core and containment.  

Sequence T2-3: T2*/C*/B1 */P*/SL*AFW*/HHI*/FB*/*CFC*/OHR*HHIR*JHHER.  
Same as sequence T2-2, except that random mechanical faults fail the recirculation system 
pumps (HHIR). The operator then uses the RHR pumps for high-head long-term cold-leg 
recirculation core cooling (/IIHER).  

Sequence T2-4: T2*/C*JBI*IP*/SL*AFW*IHHI*JFB*/CFC*/OHR*HHIR*HHER. Same 
as sequence T2-2, except that random mechanical faults fail both the recirculation and RHR 
systems (HHIR*HHER). With no high-head long-term core cooling, this sequence results in 
core damage and a vulnerable containment.  

0 
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Sequence T2-5: T2*/C*/BI*/P*/SL*AFW*/HHI*/FB*/CFC*OHR. Same as sequence 
T2-2, except that, after RWST depletion, the operator fails to initiate high-head long-term 
recirculation core cooling in time (OHR). This sequence results in core damage and a
vulnerable containment.  

Sequence T2-6: T2*/C*/B2*/P*/SL*AFW*/HHI*/FB*CFC*/CSS*/OHR*/HHIR*/CDHR1.  
Same as sequence T2-2, except that the fan coolers fail to start on high containment pressure 
(CFC). The containment spray system then starts when containment pressure reaches 22 psig 
(/CSS). Late containment overpressure control is provided after RWST depletion and 
successful changeover to cold-leg long-term recirculation flow by placing one RHR heat 
exchanger in service (/CDHR1). This sequence results in a safe core and containment.  

Sequence T2-7: T2*/C*/B2*/P*/SL*AFW*/HHI*/FB*CFC*/CSS*/OHR*/HHIR*CDHR1.  
Same as sequence T2-6, except that both the fan coolers and RHR heat exchangers fail to 
provide long-term containment heat removal (CFC*CDHR1). This sequence results in 
containment failure and a vulnerable core.  

Sequences T2-8 and T2-9. Same as sequences T2-6 and T2-7, except that random 
mechanical faults fail the recirculation system pumps (HHIR). The operator then uses the 
RHR for recirculation core cooling (/HHER).  

Sequence T2-10: T2*/C*/B2*/P*/SL*AFW*/HHI*/FB*CFC*/CSS*/OHR* 
,HHIR*HHER. Same as sequence T2-6, except that random mechanical faults fail both the 
recirculation and RHR systems (HHIR*HHER). With no long-term core cooling, this 
sequence results in core damage and a vulnerable containment.  

Sequence T2-11: T2*/C*/B2*/P*/SL*AFW*/HHI*/FB*CFC*/CSS*OHR. Same as 
sequence T2-6, except that, after RWST depletion, the operator fails to initiate high-head 
long-term recirculation core cooling in time (OHR). This sequence results in core damage 
and a vulnerable containment.  

Sequences T2-12 to T2-17. Same as sequences T2-6 to T2-11, except that early containment 
spray operation fails (CSS).  

Sequence T2-18: T2*/C*/B2*/P*/SL*AFW*/HHI*FB*/CFC. Same as sequence T2-2, 
except that the PORVs fail to open when the operator attempts to establish bleed-and-feed 
operation (FB). This failure prevents operation of the high-head safety injection system. The 

* inability to remove core decay heat precludes low-head safety injection. This sequence results 
in core damage and a vulnerable containment.  

Sequence T2-19: T2*/C*/B2*/P*/SL*AFW*/HHI*FB*CFC*/CSS. Same as sequence 
T2-18, except that the fan coolers fail to start (CFC) on high containment pressure.  
Containment pressure control is then provided by the containment spray system (/CSS). This 
sequence results in core damage and a vulnerable containment.  
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* Sequence T2-20: T2*/C*/B2*/P*/SL*AFW*/HHI*FB*CFC*CSS. Same as sequence 
T2-18, except that both the fan coolers and containment spray system fail to provide early 
containment pressure control (CFC*CSS). This sequence results in core damage and a 
vulnerable containment.  

Sequence T2-21: T2*/C*/B2*/P*/SL*AFW*HHI*/OCOND*/COND. Same as sequence 
T2-2, except that bleed-and-feed operation is precluded by random mechanical faults that fail 
the high-head safety injection system (HHI). Subsequently, the operator aligns the condensate 
system for secondary cooling (/OCOND) using condensate pumps (/COND). This sequence 
results in a safe core and containment.  

Sequence T2-22: T2*/C*/B2*/P*/SL*AFW*HHI*/OCOND*COND*/CFC. Same as 
sequence T2-21, except that random mechanical faults fail the condensate system (COND).  
The loss of secondary cooling causes RCS pressure to remain above the low-head injection 
system pump shut-off head, precluding adequate core cooling. With containment pressure 
increasing because the PORVs open at their setpoint, the fan coolers start in their emergency 
mode of operation (/CFC) to provide containment overpressure control. This sequence results 
in core damage and a vulnerable containment.  

Sequence T2-23: T2*/C*/B2*/P*/SL*AFW*HHI*/OCOND*COND*CFC*/CSS. Same as 
sequence T2-21, except that the fan coolers fail to start (CFC) on high containment pressure.  
Containment pressure control is then provided by the containment spray system (/CSS). This 

O sequence results in core damage and a vulnerable containment.  

Sequence T2-24: T2 */C*/B2 */P*/SL*AFW*HHI*/OCOND*COND*CFC*CSS.  
Same as sequence T2-2 1, except that both the fan coolers and containment spray system fail 
to pro'vide early containment pressure control (CFC*CSS). This sequence result in core 
damage and a vulnerable containment.  

Sequences T2-25 to T2-27. Same as sequences T2-22 to T2-24, except that after failure of 
high-head injection, the operator fails to align the condensate system for secondary cooling 
(OCOND). These sequences result in core damage and a vulnerable containment.  

Sequence T2-28: T2*/C*/BI*/P*SL. Same as sequence T2-1, except that RCP seal integrity 
is not maintained (SL), leading to a vulnerable seal condition and possible seal LOCA. This 
sequence is transferred to the small LOCA event tree for further development.  

Sequence T2-29: T2*/C*/BI*P. Same as sequence T2-1, except that a PORV fails to 
reclose (P), causing a breach in RCS integrity. The sequence is then transferred to the small 
LOCA event tree for further development.  

Sequence T2-30: T2*/C*BI*/B2. A loss of main feedwater occurs (T2), leading to a 
reactor trip. The reactor scrams (/C). Offsite power is unavailable (B1), but onsite
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emergency ac power is established (/B2). The sequence is transferred to the loss of offsite 
power event tree (TI) for further development.  

Sequence T2-31: T2*/C*BI*B2. A loss of main feedwater- occurs (T2), and the reactor 
scrams (/C). Subsequently, offsite and onsite ac power becomes unavailable (BI *B2). This 
sequence is transferred to the SBO event tree for further development.  

Sequence T2-32: T2*C. A loss of offsite power transient occurs (T2), creating conditions 
that lead to a reactor scram. The control rods are not inserted into the core (C). This 
sequence is transferred to the ATWS event tree for further development.  

Turbine Trip with Main Feedwater Available.  

Sequence T3-1: T3*/C*/BI*/P*/SL*/AFW. A turbine trip occurs (T3) and the reactor 
scrams (/C). Offsite ac power to the 6.9-kV buses is available (/B1). The pressurizer PORVs 
reclose if opened (/P). Cooling water maintains RCP seal integrity (/SL). The operator 
initiates auxiliary feedwater to provide secondary heat removal (/AFW). With AFW 
operation, reactor core cooling is ensured by natural or forced circulation to the steam 
generators. Eventually hot shutdown results. This sequence results in a safe core and 
containment.  

..Sequence T3-2: T3*/C*/B1*/P*/SL*AFW*/MFW. Same as sequence T3-1, except that the 
auxiliary feedwater system fails to remove core decay heat through the steam generators 
(AFW). Subsequently, one main feedwater pump is aligned to provide feed through the 
feedwater regulating bypass valves (/MFW). With secondary heat removal established, a safe 
core and containment result.  

Sequence T3-3: T3*/C*/B1*/P*/SL*AFW*MFW. Same as sequence T3-1, except that both 
the auxiliary and main feedwater systems fail to remove core decay heat through the steam 
generators (AFW*MFW). This sequence is transferred to the loss of main feedwater (T2) 
event tree for further development 

Sequence T3-4: T3*/C*/BI*/P*SL. Same as sequence T3-1, except that RCP seal integrity 
is not maintained (SL). This leads to a vulnerable seal and possible seal LOCA. This 
sequence is transferred to the small LOCA event tree for further development.  

Sequence T3-5: T3*/C*/BI*P. Same as sequence T3-1, except that a PORV fails to reclose 
-(P) causing a breach in RCS integrity. The sequence is then transferred to the small LOCA 
event tree for further development.  

Sequence T3-6: T3*/C*BI*/B2. A turbine trip occurs (T3), leading to a reactor trip. The 
reactor scrams (/C). Offsite power is unavailable (B1), but onsite emergency ac power is 
established (/B2). The sequence is then transferred to the loss of offsite power event tree (TI) 
for further development.  
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Sequence T3-7: T3*/C*BI*B2. A turbine trip occurs (T3), leading to a reactor scram (/C).  
Subsequently, offsite and. onsite ac power becomes unavailable (BI *B2). This sequence is 
transferred to the SBO event tree for further development.  

Sequence T3-8: T3*C. A turbine trip occurs (T3), which creates conditions leading to a 
reactor scram. The control rods are not inserted into the core (C). This sequence is 
transferred to the ATWS event tree for further development.  

3.1.3.3 Station Blackout Accident 

A station blackout (SBO) accident is one in which all normal (offsite) and emergency (onsite) 
ac power is lost. Such an accident renders balance-of-plant systems, containment heat 
removal systems, and most emergency core cooling systems inoperable. In an SBO, 
emergency core cooling systems are limited to steam-driven, dc-powered, or manually
operated systems. At IP3, these systems are the auxiliary feedwater (AFW) system, PORVs, 
and the main steam line atmospheric dump valves.  

Accident Progression and Phenomena.  

Accident Progression. SBO sequences begin with the loss of offsite power and the ' 
failure.:of all three emergency diesel generators to provide power to the emergency buses 

* 2A/3A, 5A, and 6A. The reactor protection system trips; normal feedwater make-up to the 
steamgenerators is unavailable. To prevent steam generator dryout and subsequent reactor 
coolant system (RCS) boil-off, the steam-turbine-driven AFW pump receives an automatic 
initiation signal. The progression of the accident will be determined by the response of the 
AFW 9ystem, by whether reactor coolant pump (RCP) seals fail and by whether a power
operated relief valve (PORV) sticks open.  

If no RCP seal fails and no PORV sticks open, the AFW system can provide sufficient core 
cooling to delay RCS boil-off and core damage until battery depletion. However, if an RCP 
seal fails or one PORV is stuck open, RCS water inventory is lost and the ensuing RCS boil
off leads to an accelerated core melt progression.  

All station blackout sequences result in core damage unless ac power is restored.  

Accident Phenomena. The occurrence of an SBO accident produces phenomena that 
challenge the ability of the AFW to provide sufficient reactor core cooling. These phenomena 
affect the timing of core damage and challenge containment integrity. The phenomena 
pertinent to SBOs are: 

m Reactor coolant pump (RCP) seal LOCA 

a m Battery depletion
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m RCS integrity

" RCS cooldown and depressurization 

" Secondary-side integrity 

* AFW room heat-up 

* Recovery of ac power.  

These phenomena will now be examined.  

Reactor Coolant Pump Seal LOCA. An RCP seal LOCA during an SBO could lead 
to core melt before ac power is restored. Because component cooling water is not available to 
cool the seals during a station blackout, the RCP seals are subjected to RCS pressure and 
temperature. With a non-rotating pump, seal degradation can commence when seal 
temperatures reach 250 to 300'F (i.e., within 15 minutes of loss of seal cooling). As 
degradation progresses, leakage at each pump could increase from 25 gpm (the expected 
initial leakage rate) to a maximum of 480 gpm (complete seal failure).  

In the Zion PRA [7], the catastrophic failure of all seals and a leakage rate of 450 gpm per 
pump after 30 minutes was assumed. This assumption is too conservative. To adequately 
represent RCP seal leakage, an RCP seal LOCA model based on the Westinghouse analysis of 
RCP seal performance after total loss of seal cooling [24] was used to calculate the W 
probability of the core being uncovered (and subsequently damaged), given nonrecovery of ac 
power following RCP seal failure. The results of the model calculations are presented in 
Appendix B.  

Battery Depletion. Battery depletion during an SBO threatens AFW operation and 
subsequent RCS boil-off. Plant batteries are designed for 2 hours of operation and 
calculations have shown that this can be anticipated in an SBO. Although local control of the 
operation of the AFW turbine-driven pump is possible after battery depletion, AFW will 
eventually fail for lack of dc control power to the turbine.  

The restoration of ac power subsequent to battery depletion may be delayed because the 
-breakers on 6.9-kV buses 5 and 6 trip open on loss of offsite power and must be manually 
,closed before ac power is fully restored. However, the delay is small compared with the 
expected time to reach to core damage.  

RCS Integrity. During an SBO, power to the PORV block valves is unavailable.  
Therefore, stuck-open PORVs cannot be isolated. This loss of RCS integrity will decrease 
RCS water inventory and lead to core damage after 3 hours unless ac power is restored within 
2.5 hours--30 minutes are then required to align power to safeguards equipment and provide 
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RCS make-up.

RCS Cooldown and Depressurization. The emergency operating procedures direct 
the operator to depressurize the steam generators to 195 psig during a station blackout. This 
action reduces RCS pressure and temperature, and reduces the rate of RCP seal leakage and 
lengthens the time available for ac recovery. Cooldown is accomplished by opening the main 
steam line atmospheric dump valves. After cooldown starts, RCS is depressurized by coolant 
shrinkage because the average temperature of the RCS falls and RCS inventory is depleted by 
RCP seal leakage.  

Secondary-Side Integrity. A faulted steam generator can generally be isolated during 
an SBO because all valves required for isolation, except for isolation of the steam generator 
safety valves, are outside the containment building and are accessible for local operation.  
Therefore, loss of secondary-side integrity, with a potential for overcooling the RCS, was not 
included in the SBO event tree.  

AFW Room Heat-Up. The AFW steam line break-protection logic consists of 
temperature sensors within the AFW room set at 120'F to close the AFW steam-driven pump 
steam admission supply valves (PCV-13 1A/B). However, the operator can re-open the steam 
admission supply valves with a switch in the control room.  

Recovery of ac Power. Restoration of ac power during an SBO directly affects the . outcome of many SBO sequences. The time by which ac power must be recovered to prevent 
core damage is determined by the accident progression: 

" Gi e'n failure of the AFW steam-turbine-driven pump and no breach of RCS integrity, 
recovery of ac power is required within 2 hours of station blackout to prevent core 
damage.  

" Given that a PORV sticks open at station blackout, to prevent core damage, recovery of 
ac power is required within 1.6 hours, if no AFW is supplied, and within 2.5 hours, if 
AFW is supplied.  

" Given failure of the AFW steam-turbine-driven pump because of battery depletion (2 or 4 
hours) or turbine overspeed trip at 8 hours, recovery of ac power is required within 5.5, 
8, and 12.5 hours after station blackout, respectively, to prevent core damage.  

The times to core damage in SBO accidents are presented in Appendix- B.  
AC power can be restored by recovery of the emergency diesel generators, alignment of the 
onsite Appendix R diesel, or restoration of offsite power to the Buchanan substation.
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Assumptions.

m If ac power is restored and is followed by recovery of AFW, and if RCS integrity is not 
violated, late core cooling and containment heat removal are not required.  

0 Given RCP seal failure alone, the core will be uncovered unless ac power is restored 
within 10 hours. Should the AFW system fail, the core will be uncovered earlier.  

m RCP seal degradation, resulting in a loss of reactor coolant at a rate exceeding 25 gpm, is 
expected to commence 60 min. after loss of seal cooling.  

* RCS pressure will be relieved during an SBO using the PORVs--the PORVs will open 
and reclose (or be isolated) to maintain RCS integrity.  

m While operation of the AFW steam-turbine-driven pump is possible during an SBO after 
battery depletion, the lack of RCS and steam generator instrumentation will eventually 
limit the ability of the pump to provide adequate core cooling. Therefore, the AFW 
system was considered unavailable for continued core cooling after 8 hours.  

m SBO sequences with ac power recovery and failure to restore AFW will require bleed
and-feed cooling and subsequent high-head recirculation core cooling.  

Station Blackout Event Tree. The SBO event tree is shown in Figure 3.1.3.8. The top 
events shown in the SBO event tree are defined as follows: 

SBO Initiator (TB). An SBO event occurs that involves: 

m Loss of offsite power as the initiator or as a random failure after a plant trip 

w Loss of onsite ac power (emergency diesel generators--EDGs).  

Pressurizer PORV Recloses After Opening During SBO (P). Success implies reclosure of 
open PORVs when RCS pressure drops below the closure setpoint. The failure of one or both 
PORVs to reclose is designated as a "P" event.  

Auxiliary Feedwater System Turbine-Driven Secondary Cooling (AFWT). Core decay 
heat removal during an SBO implies the use of the steam-turbine-driven AFW pump to 
provide feedwater to at least one steam generator. However, should ac power not be 
recovered, battery depletion, condensate storage tank (CST) emptying, or steam generator 
overfilling will eventually cause the steam-turbine-driven pump to fail.  

Operator Depressurizes RCS During SBO Event (ODEP). Depressurization of the 
secondary side using the atmospheric dump valves lowers RCS temperature and pressure, and 
so reduces the leakage rate in an RCP seal LOCA.
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Recovery of ac Power (B). The probability of nonrecovery of offsite power is a function of A 
the time available to recover ac power and prevent core damage. Stuck-open PORVs, RCP W 
seal leakage, battery depletion and the failure of the steam-turbine-driven AFW pump all 
influence this time.  

RCP Seal LOCA (SL). During an SBO, insufficient seal cooling exposes the RCP seals to 
RCS pressure and temperature. Given the existing RCP seal materials, the seals may fail and 
an RCP seal LOCA will result. Success for this event implies that even if seal LOCA occurs, 
the core is not uncovered; failure implies an RCP seal LOCA occurs and the core is 
uncovered.  

Station Blackout Sequences. In defining a sequence, a slash (/) preceding an event 
designator indicates the event is a success. Asterisks (*) separate the event designators.  

Sequence TB-i: TB*/P*/AFWT*/ODEP*/B*/SL. A transient event occurs (T).  
Subsequently, both offsite and onsite ac power are lost (B). The reactor is shut down. The 
pressurizer PORVs reclose, if opened (/P). AC power is recovered before battery depletion 
occurs (/B). Depressurization of the steam generators reduces RCS temperature and pressure 
(/ODEP). RCP seal failures occur but the core is not uncovered (/SL). Without main 
*feedwater, the steam generator water level falls. Therefore, operation of the auxiliary 
feedwater system is required. Because the SBO renders all motor-driven AFW pumps 
inoperable, the steam-turbine-driven AFW pump starts and removes core decay heat through 
the steam generators (/AFWT). Subsequently, ac power is restored. This sequence is 
transferred to the small LOCA event tree for further development.  

Sequence TB-2: TB*/P*/AFWT*/ODEP*/B*SL. Same as sequence TB-i except that, after 
an RCP seal LOCA, the core is uncovered (SL). Core damage and a vulnerable containment 
result.  

Sequence TB-3: TB*/P*/AFWT*/ODEP*B. Same as sequence TB-i, except that ac power 
is not restored before battery depletion (B). Therefore, the AFW steam-turbine-driven pump 
will fail after 4 hours. Core damage and a vulnerable containment result.  

Sequences TB-4 to TB-6. Same as sequences TB-1 to TB-3, except that RCS 
depressurization does not occur (ODEP). Subsequently, RCS temperature and pressure remain 
high, increasing the potential for uncovering the core as a result of RCP seal LOCA.  

Sequence TB-7: TB*/P*AFWT*/B*/SL. Same as sequence TB-1, except that random 
mechanical faults fail the steam-turbine-driven AFW pump (AFWT). Subsequently, ac power 
is restored (/B). Although an RCP seal LOCA occurs, the core is not uncovered (/SL). The 
sequence is transferred to the small LOCA event trees for further development.  

Sequence TB-8: TB*/P*AFWT*/B*SL. Same as sequence TB-7, except that the core is 
uncovered after the occurrence of an RCP seal LOCA. Core damage and a vulnerable 
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containment result.

Sequence TB-9: TB*/P*AFWT*B. Same as sequence TB-7, except that ac power is not 
recovered before the core is uncovered (B). With no core cooling, core damage and a 
vulnerable containment result.  

Sequence TB-10: TB*P*/AFWT*/B. A transient event occurs (T). Subsequently, both 
offsite and onsite power are lost (B). The reactor is scrammed. The pressurizer PORVs open 
to relieve RCS pressure, but one PORV fails to reclose (P). However, the steam-turbine
driven AFW pump removes heat from the core. AC power is restored before the core is 
uncovered (/B). At this point, the sequence is transferred to the small LOCA event tree for 
further development.  

Sequence TB-11: TB*P*/AFWT*B. Same as sequence TB-10, except that ac power is not 
recovered before the core is uncovered (B). Unable to restore lost RCS inventory, core 
damage and a vulnerable containment result.  

Sequences TB-12 and TB-13. Same as sequences TB-10 and TB-i1, except that random 
mechanical faults fail the steam-turbine-driven AFW pump (AFWT). These sequences result 
in core damage and a vulnerable containment.  

3.1.3. Anticipated Transient Without Scram (ATWS} Events 

Introduction. A special event tree was used to evaluate ATWS events because system 
performance and accident phenomena may be unique to ATWS sequences.  

Accident Progression and Phenomena.  

Accident Progression. An ATWS event occurs when an anticipated transient is followed 
by a failure to scram the reactor. Consequently, ATWS mitigation requires that adequate 
reactor coolant system (RCS) pressure control and reactor subcriticality be achieved.  

For ATWS events in which reactor power initially exceeds 40 percent, the subsequent 
accident progression is determined by the availability of main feedwater. With main 
feedwater available, a less severe power mismatch occurs between the primary and secondary 
sides and the subsequent RCS pressure increase will not exceed the stress limits allowable for 
RCS components.  

With loss of main feedwater, however, the secondary system can no longer remove all of the 
heat generated in the reactor core, and a large power mismatch arises between the primary 
and secondary sides. Subsequently, the primary system heats up, rapidly increasing RCS 
temperature and pressure. The pressurizer water level rises with the entry of expanding 
reactor coolant. Heat transfer from the primary to secondary sides will be further reduced
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when the steam generator water level falls to expose the steam ,generator tubes. RCS 
temperature and pressure and pressurizer level will continue to increase rapidly until the 

pressurizer PORVs and safety-relief valves open to curtail the rise in RCS pressure. Because 

of reactivity feedback, the increase in RCS temperature causes a reduction in reactor power.  
The combination of power reduction and available relief capability determines whether the 

peak RCS pressure exceeds the 3200-psig pressure conditions established in the American 
Society of Mechanical Engineers Code Level C.  

With loss of main feedwater, a quasi-stable condition can be established with auxiliary 
feedwater flow to the steam generators at elevated temperatures, provided that peak RCS 
pressure is not exceeded during the first 120 sec. of the ATWS event. Once RCS temperature 

and pressure are stabilized with AFW system flow, several operator actions can achieve plant 
shutdown: the operator can deenergize the control rods, manually insert the control rods, or 
perform emergency boration using the boric acid transfer and charging systems pumps.  

Accident Phenomena. The phenomena resulting when an ATWS event occurs with 
loss of main feedwater and with reactor power greater than 40 percent affect the timing of 
core damage and challenge containment integrity. The phenomena pertinent to ATWS are: 

" Magnitude of negative reactivity 

" Auxiliary feedwater flow 

" RCS pressure relief 

" Turbine trip 

m Unfavorable exposure time.  

These phenomena are examined in the following sections.  

Magnitude of Negative Reactivity. During sustained reactor coolant heat-up, 
pressurized water reactors (PWRs) exhibit an inherent shutdown characteristic in which 
reactivity (reactor power) drops. The magnitude of the negative reactivity is a function of 
fuel enrichment, bum-up, loading arrangement, burnable absorber design and exposure, and 
boron concentration. Both favorable and unfavorable reactivity feedback were considered.  

With favorable reactivity feedback, the reactor core will shut down prior to core damage, 
provided the turbine trip and AFW are initiated within 60 seconds. Unfavorable reactivity 
feedback could, however, cause the stress allowable for RCS components to be exceeded. A 
loss of RCS integrity and possible core damage would then result.  

Auxiliary Feedwater Flow. Westinghouse analysis [19] shows that AFW flow has a 
direct effect on the pressurizer relief requirements (i.e., the number of PORVs and safety
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relief valves required to open). Inadequate AFW flow will result in an increase in peak RCS 
pressure, with potential loss of RCS integrity and possible core damage.  

RCS Pressure Relief. The ability to relieve RCS pressure and prevent the peak RCS 
pressure from exceeding 3200 psig during postulated ATWS events depends on the 
availability of the pressurizer PORVs and safety relief valves. The available relief capacity is 
reduced when PORV block valves are closed. Plant operation with block valves closed could 
result in peak RCS pressure exceeding 3200 psig, with resultant loss of RCS integrity and 
possible core damage. This outcome is dependent on AFW flow, the time in the core life at 
which ATWS occurs, and reactor power.  

Turbine Trip. A turbine trip early in an ATWS loss of feedwater event causes a 
rapid reduction in steam flow from the steam generator and, as a result, steam generator 
pressure rapidly increases to its safety-relief valve setpoint. Therefore, turbine trips both 
extend the steam generator water inventory and increase RCS temperature. Consequently, 
reactor power is reduced before the steam generator tubes are uncovered. Later, when the 
steam generator tubes begin to uncover, the rate of increase in RCS temperature and, 
therefore, peak RCS pressure are lower because of the lower initial reactor power level. A 
failure to trip the turbine within 60 seconds was assumed to result in an RCS peak pressure 
exceeding 3200 psig, with a subsequent loss of RCS integrity and core damage.  

Unfavorable Exposure Time. The unfavorable exposure time (UET) is the time 
* during the core cycle in which the combination of reactivity feedback and RCS pressure relief 

capacity is insufficient to prevent peak RCS pressure from exceeding 3200 psig unless main 
feedwater is available or the initial reactor power level is < 40 percent. UET was calculated 
for both successful manual rod insertion and a failure of manual rod insertion for ATWS 
events initiated with main feedwater unavailable using the methodology developed by 
Westinghouse [54,56]. The UET was determined first assuming all pressurizer PORVs and 
safety relief valves are available. However, availability of both PORVs is not sufficient in 
itself to maintain RCS pressure below 3200 psig. The UET was also determined for 
circumstances in which one or both PORVs are unavailable. In all cases, the availability of 
all three pressurizer code safety valves was required to maintain RCS pressure below 3200 
psig.  

Assumptions.  

" Core damage results if RCS pressure exceeds 3200 psig.  

" Core damage results if RCS heat removal provided by the AFW system is inadequate 
before or after the core is brought to a subcritical state.  

" ATWS events initiated at reactor power levels greater than 40 percent require a turbine 
trip to avoid high RCS peak pressures and subsequent loss of RCS integrity and core 
damage.
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" Core damage results if the operator fails to achieve reactor subcriticality within 10 
minutes.  

" RCS pressure will be relieved during an ATWS using the PORVs--the PORVs will open 
and reclose (or be isolated) to maintain RCS integrity. In addition, the safety valves may 
also have to open and reclose to maintain RCS integrity.  

" The automatic and manual insertion of control rods on high RCS temperature was 
considered.  

" HHSI system operation during an ATWS progressior involving a stuck-open PORV requires 
emergency boration to reduce RCS pressure below the high-head safety injection pump shut
off head.  

" During an ATWS event, peak RCS pressure is reached in 120 sec.--before an operator can 
establish full AFW flow with the two motor-driven and one steam-turbine-driven AFW 
pumps.  

ATWS Event Success Criteria. Success criteria for the ATWS event involve three 
functions: reactor subcriticality (initial and late), core cooling, and RCS integrity. Success 
criteria for the ATWS initiator are presented in Table 3.1.3.8.  

ATWS Event Tree. The ATWS event tree is depicted in Figure 3.1.3.9. Only the 
minimum combination of events required to prevent core damage is shown. The top events 
shown in the event tree are: 

Transient Initiator (TH). A transient occurs and the set point of an RPS monitoring parameter 
is attained, requiring a reactor trip.  

Reactor Protection System (C). The electrical and mechanical portions of the RPS were 
combined to simplify the event tree. Success of the RPS requires generation of an electrical 
scram signal (opening of the reactor trip breaker(s)) and the successful mechanical insertion of 
the control rods. Success leads to a normal transient; failure implies that reactor subcriticality 
must be achieved by other means. The total unavailablity of the reactor trip function is 1.62 x 
10.5 based on [54].  

Main Feedwater System Secondary Cooling (MFW). The use of the main feedwater system 
prevents RCS peak pressure from exceeding 3200 psig. Success implies that at least one of the 
two main feedwater pumps provides feedwater to at least three of the four steam generators.  
Failure requires adequate RCS pressure control and AFW system operation.
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0
Table 3.1.3.8 

ATWS (TH) Success Criteria with Reactor Power > 40 Percent 

Reactor RCS Core RCS 

Subcriticality' Core Heat Removal Cooling Integrity 

A) [Manual scram] A) [Main feedwater from I of 2 pumps A) [2 of 2 main feedwater pumps injecting A {PORV reclosedl 

or injecting into 3 of 4 steam generators] into 2 of 4 steam generators] 

B) [Emergency boration from 1 of 2 boric or or 

acid pumps and I of 3 charging 
pumps] B) [Turbine trip and 3 of 3 pressurizer B) [2 of 2 AFW motor-driven pumps 

SRVs open and manual rod insertion injecting into 2 of 4 steam generators] 
and 2 of 2 PORVs available and 2 of 2 
motor driven pumps injecting into 3 of 
4 steam generators]

2 

I Entry to ATWS tree assumes reactor protection system failure.  

2. Success criteria based on unfavorable exposure time (UET) which varies with the availability of AFW, manual rod insertion, and availability of the PORVs.

0
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* Turbine Trip (TT). This event is considered for sequences in which the main feedwater 
system is unavailable. Success implies turbine trip within 1 minute of the ATWS event. This 
prevents the rapid depletion of SG inventory and subsequence loss of heat transfer from the 
primary to secondary systems. A failure to trip leads to high RCS peak pressures, the 
subsequent loss of RCS integrity, and core damage.  

Auxiliary Feedwater System Secondary Cooling (AFW). Auxiliary feedwater system 
secondary cooling is considered for those sequences in which- the main feedwater system is 
unavailable. Success of the AFW system in reducing peak RCS pressure requires that both 
motor-driven AFW pumps provide feedwater to at least two steam generators. Because RCS 
pressure is anticipated within two minutes of the initiating event, no credit was taken for use 
of the steam-turbine-driven AFW pump--use of this pump for auxiliary feedwater system 
secondary cooling requires manual operation of the flow control valves.  

Manual Rod Insertion (MRI). Plant procedures instruct the operator to drive the control 
rods into the core if the automatic function fails. Success implies that control rod insertion 
begins within 1 minute of the start of the ATWS. Failure implies a potential for peak RCS 
pressures above 3200 psig.  

Adequate RCS Pressure Relief (PR). This event is considered for sequences that involve 
main feedwater unavailability. This event models the probability that pressurizer pressure
relief capacity is adequate to prevent peak RCS pressure exceeding 3200 psig.  

Pressurizer PORV/SRVs Reclose After Opening During ATWS (P). Success implies 
reclosure of open PORVs and safety valves when RCS pressure drops below the closure 
setpoint. The failure of one or-more relief valves to reclose is designated as a "P" event.  

Long-Term Shutdown (LTS). Long-term shutdown to achieve reactor subcriticality is 
required for all ATWS sequences. Long-term reactor shutdown requires, success in one of 
three actions: 

" The opening of the reactor trip breakers or motor-generator (MG) sets located in the 33-ft 
elevation of the control building, provided that the ATWS is not caused by control rod 
failures.  

* Emergency boration using at least one of two boric acid transfer pumps operating at high 
speed to provide suction to at least one of three charging pumps operating at maximum 
speed.  

* Continued manual insertion of all control rod banks, provided that the ATWS is not 
caused by control rod failures.  

Failure to initiate at least one of these actions within 10 minutes leads to core damage.
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High-Head Safety Injection System Operation (HHI). This event is considered in 
sequences in which a PORV or safety valve fails to reclose. To achieve long-term reactor 0 
shutdown, high-head safety injection system operation is required. Success implies that at 
least one pump injects water into at least one 2-in. RCS cold leg, and long-term reactor 
shutdown with manual rod insertion or emergency boration occurs (LTS). Failure of high
head safety injection leads to core damage.  

Transient Sequences. In defining a sequence, a slash () preceding an event designator 
indicates the event is a success. Asterisks (*) separate the event designators.  

Sequence TH-1: TH*/C. A transient occurs (TH). The electrical and mechanical portions 
of the RPS function successfully (1C). As a result, the reactor is subcritical. The event is 
transferred to another tree for further development.  

Sequence TH-2: TH*C*/MFW*/P*/LTS. A transient occurs, requiring the reactor to scram 
(TH). However, the reactor is not scrammed, because the mechanical or electrical portions of 
the RPS fail (C). While main feedwater removes sufficient core heat through the steam 
generators to prevent peak RCS pressure from exceeding 3200 psig (/MFW), the initiator will 
cause pressurizer pressure to increase until the PORVs open to relieve RCS pressure. The 
PORVs successfully reclose (/P). To preclude core damage and achieve long-term reactor 
shutdown, the operator trips the RPS motor-generator sets locally, aligns the boric acid 
transfer and charging pumps for emergency boration and manually inserts all control rod 
banks into the core to assure reactor subcriticality (/LTS). This sequence results in a safe 
core and containment.  

Sequence TH-3: TH*C*/MFW*/P*LTS. Same as sequence TH-2 except that long term 
reactor shutdown fails (LTS). Consequently, RCS pressure remains above the PORV set 
point, preventing high-head safety injection. Unable to depressurize the RCS and restore lost 
RCS water inventory, the ensuing boil-off results in core damage and a vulnerable 
containment.  

Sequence TH-4: TH*C*/MFW*P*/LTS*/HHI. Same as sequence TH-2 except that a 
single pressurizer PORV fails to reclose (P). RCS coolant inventory, lost because of the 
stuck-open PORV, is restored through the use of high-head safety injection (/HHI). A safe 
core and containment result.  

Sequence TH-5: TH*C*/MFW*P*/LTS*HHI. Same as sequence TH-4 except that random 
* mechanical faults fail high-head safety injection (HHI). Unable to depressurize the RCS for 

low-head injection, RCS boil-off results in core damage and a vulnerable containment.  

Sequences TH-6 and TH-7. Same as sequences TH-4 and TH-5 except that long-term 
reactor shutdown fails (LTS). These sequences result in core damage and a vulnerable 
containment.
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U Sequence TH-8: TH*C*MFW*/TT*/AFW*/MRI*/PR*/P*/LTS. A transient occurs which 
trips the main feedwater system (MFW) and requires the reactor to scram (TH). However, 
the reactor is not scrammed because faults in the-mechanical or electrical portions fail the 
RPS (C). With main feedwater unavailable, ATWS mitigation system actuation circuitry 
(AMSAC) logic trips the turbine (/TT) and initiates AFW system flow (/AFW). The turbine 
trip precludes RCS overcooling and thus does not increase the potential for reactivity 
imbalance. AFW system flow begins to replenish the steam generator water inventory.  
Manual rod insertion controls reactivity (/MRI). The pressurizer PORVs and safety-relief 
valves open to prevent peak RCS pressures exceeding 3200 psig (/PR). Once RCS pressure 
subsides because of a stable steam generator water level and reactor subcriticality, pressurizer 
relief valves reclose (/P). Subsequently, the operator implements long-term reactor shutdown 
(/LTS). Stable hot shutdown with a safe core and containment results.  

Sequence TH-9: TH*C*MFW*/TT*/AFW*/MRI*/PR*/P*LTS. Same as sequence TH-8 
except that long-term reactor shutdown fails (LTS). Without sufficient reactivity control, 
RCS pressure remains high, preventing high-head safety injection and the replacement of RCS 
water inventory lost through the pressurizer PORVs and the SRVs. The resulting RCS boil
off leads to core damage and a vulnerable containment.  

Sequence TH-10: TH*C*MFW*/TT*/AFW*/MRI*/PR*P*/LTS*/HHI. Same as 
sequence TH-8 except that a single PORV fails to reclose (P) after successful manual rod 
insertion (/MRI). Reactor subcriticality is achieved (/LTS). RCS coolant make-up is 
provided by the high-head safety injection system (/HHI). A safe core and containment 
result.  

Sequence TH-11: TH*C*MFW*/TT*/AFW*/MRI*/PR*P*/LTS*HHI. Same as sequence 
TH-10except that random mechanical faults fail the high-head safety injection system (HHI).  
Unable to depressurize the RCS for low-head injection, RCS boil-off results in core damage 
and a vulnerable containment.  

Sequence TH-12: TH*C*MFW*/TT*/AFW*/MRI*/PR*P*LTS. Same as sequence TH-9 
except that a single PORV fails to reclose (P). This sequence results in core damage and a 
vulnerable containment.  

Sequence TH-13: TH*C*MFW*/TT*/AFW*/MRI*PR. Same as sequence TH-8 except 
that pressurizer pressure-relief capacity is inadequate because of unfavorable exposure time 
(PR). Subsequently, peak RCS pressure exceeds 3200 psig, and a pressure-induced LOCA 
results that precludes RCS inventory make-up. Without adequate coolant makeup, core 
damage and a vulnerable containment result.  

Sequences TH-14 to TH-19. Same as sequences TH-8 to TH- 13 except that manual rod 
insertion fails (MRI).
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Sequence TH-20: TH*C*MFW*/TT*AFW. Same as sequence TH-8 except that random 
faults fail the AFW system (AFW). Loss of AFW will cause steam generator dryout. RCS 
pressure increases above the pressurizer PORV and SRV setpoints, precluding emergency 
boration and RCS inventory restoration. The ensuing RCS boil-off results in core damage and 
a vulnerable containment.  

Sequence TH-21: TH*C*MFW*TT. Same as sequence TH-8 except that the turbine does 
not trip (TT). The resultant RCS overcooling leads to a reactivity imbalance, and eventual 
core damage and vulnerable containment result.  

3.1.4 OTHER EVENT TREES 

3.1.4.1 Introduction 

Event trees were developed for other initiating events: main steam line breaks, steam 
generator tube ruptures, interfacing system loss of coolant accidents, internal flooding events, 
and support system failures. Internal flooding events and support system failures are often 
events that initiate plant trips and simultaneously impair the ability of safety systems to 
mitigate the event--while their frequencies are generally low, they can render mitigating 
systems inoperable. Therefore, their contribution to core damage and containment failure can 
be significant.  

3.1.4.2 Main Steam Line Break 

Introduction. The main steam line break (MSLB) initiator is a transient that begins with 
a double-ended rupture of a steam line. Because different plant responses are required for 
breaks that occur inside and outside containment, these MSLBs were evaluated separately. In 
both, however, the MSLB may induce steam generator tube ruptuie (SGTR).  

Accident Progression 

MSLB Inside Containment. A main-steam-line-break inside-containment event 
results in a reactor trip, actuation of high-head safety injection (HHSI) and auxiliary feedwater 
system (AFW) pumps, and main steam isolation valve (MSIV) closure. Initial RCS cooldown 
is stopped after the MSIVs, except for the MSIV in the faulted steam line, close to allow for 
successful transient mitigation. The operator takes control of AFW system and secondary 
cooling and isolates the faulted steam generator to minimize RCS cooldown and permit 
natural circulation in the intact loops. Isolation of the faulted steam generator involves 
isolation of AFW flow to the steam generator and closure of its main steam line isolation 
valve, main steam line atmospheric dump valve, turbine-driven AFW steam supply valve (if 
connected to the fault SG), steam generator blow down and sample lines, and steam traps 
upstream of the MSIVs. Should the faulted steam generator not be isolated, pressurized
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,thermal shock (PTS) may result unless the operator terminates safety injection.

Long-term containment heat removal is required. should AFW flow to the faulted steam 
generator continue. Long-term containment heat removal is also required to prevent 
containment overpressure failure during bleed-and-feed primary cooling scenarios.  

MSLB Outside Containment. The consequences of a main-steam-line break outside 
containment are similar to those arising from a MSLB inside containment except that the 
containment is not challenged by steam blow down. Closure of the main steam line isolation 
valves terminates the steam blow down and leads to a loss of main feedwater transient. Failure 
to isolate an MSIV may cause a steam generator to depressurize completely. Sequence 
development for this scenario is identical to that for MSLB inside containment.  

MSLB Assumptions.  

" MSLB sequences involving a total loss of feedwater require bleed-and-feed cooling.  

" Sequences involving an MSLB inside containment and consequential steam generator tube 
rupture will not require isolation of the failed steam generator because when RCS integrity 
is breached, RCS overcooling is precluded. This sequence is developed in a manner 
similar to a small-break LOCA.  

* " The probability of an MSLB outside containment and upstream of the MSIVs, 
consequential steam generator tube rupture, and a subsequent failure to close of any of the 
MSIVs associated with intact steam generators is negligible.  

" Th probability of an MSLB outside containment and downstream of the MSIVs, 
consequential steam generator tube rupture, and the subsequent failure to close the MSIV 
associated with the failed steam generator is negligible.  

" An MSLB inside containment and the subsequent failure of the auxiliary feedwater system 
will require bleed-and-feed core cooling, increasing the potential for pressurized thermal 
shock failure.  

" The flow-limiting venturis located inside containment at each steam generator outlet will 
not influence the probability of an MSLB inducing an SGTR.  

" The probability of an MSLB event accompanied by the failure of the HHSI system and the 
sticking of a single control rod bank with subsequent core damage is negligible.  

MSLB Success Criteria. Success criteria for the main steam line break initiators involve 
three functions: reactor subcriticality, early core cooling, and RCS integrity. Success criteria 
for the MSLB initiators are presented in Tables 3.1.4.1 and 3.1.4.2.
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Table 3.1.4.1 

Main Steamline Break (T4) Inside Containment Success Criteria

Reactor Early Core RCS Early Containment Late Core Late Containment 
Subcriticality Cooling Integrity' Overpressure Control2  Cooling Overpressure Control2 

A [RPS] A) [I of 3 AFW pumps injecting A) [Faulted steam generator isolated A) [I of 3 AFW pumps 
into I of 3 intact steam injecting into I of 3 
generators] and intact steam 

generatorsi 
or AFW flow to the faulted steam 

generator isolated] or 

B) [I of 3 HHSI pumps injecting 
into I of 4 RCS cold legs] or B) [High-head 

recirculation from I of 
and B (Operator terminates high-head 3 |IItSI pumps and I 

safety injection flow to preclude of 2 recirculation 
2 of 2 PORVs opened] reactor vessel pressurized thermal pumps or I of 2 RIIR 

shock failure]3  pumps injecting into I 
of 4 RCS cold legs] 

1. Definition of RCS boundary includes steam generator integrity because of the potential for containment bypass.  

2. Sequences involving loss of AFW require bleed and feed cooling and eventual recirculation cooling for successful mitigation similar to that achieved with transient initiators.  

3. Sequences involving failure to isolate the faulted steam generator will lead to RCS overcooling and potential reactor vessel pressurized thermal shock failure. This progression requires both 
high and low head safety injection termination.
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Table 3.1.4.2 

Main Steamline Break (T5) Outside Containment Success Criteria

Reactor Early Core RCS Early Containment Late Core Late Containment 
Subcriticality Cooling Integrity' Overpressure Control' Cooling Overpressurc Control2 

A) [RPSJ A) [1 of 3 AFW pumps injecting A) [All MSIVs closed] A) 1I of 3 AFW pumps 
into I of 3 intact steam injecting into I of 3 
generators] or intact steam 

generators] 
or B) [AFW flow to the faulted steam 

generator isolated]' or 
B) [I of 3 HHSI pumps injecting 

into I of 4 RCS cold legs] r B) [Hligh-head 
recirculation from I of 

and C) [Operator terminates high-head 3 HISI pumps and I 
safety injection flow to preclude of 2 recirculation 

2 of 2 PORVs opened] reactor vessel pressurized thermal pumps or I of 2 RIIR 
shock failure] 4  pumps injecting into I 

of 4 RCS cold legs] 

1. Definition of RCS boundary includes steam generator integrity because of the potential for containment bypass.  

2. Sequences involving loss of AFW require bleed and feed cooling and eventual recirculation cooling for successful mitigation similar to that achieved with transient initiators.  

3. AFW flow isolation is require to any steam generator for which a MSIV does not close.  

4. Sequences involving failure of one MSIV to close with continued AFW to the non-isolated steam generator or a failure of two or more MSIVs failing to close, require termination of both 
high and low head safety injection system flows. These actions are performed to avoid potential reactor vessel pressurized thermal shock failure.



Transient Event Trees. The event trees for MSLB inside containment (T4) and MSLB 
outside containment (T5) are shown in Figures 3.1.4.1 and 3.1.4.2. The event trees display 
only the minimum combination of events required to prevent core damage. The top events 
shown in the transient event trees are defined as follows: 

MSLB Initiator (T4). A main steam line break occurs inside containment.  

MSLB Initiator (T5). A main steam line break occurs outside containment.  

RPS Scram (C). Success implies all, or all but one, control rods are inserted into the reactor 
core. Failure leads to an anticipated transient without scram (ATWS) event.  

Offsite ac Power Available (B1). Success implies offsite ac power is available. Failure 
leads to a demand for onsite ac power.  

Onsite ac Power Available (B2). Success implies onsite ac power is available. Failure leads 
to a plant station blackout event (SBO).  

Consequential Steam Generator Tube Rupture (TSGTR). Success implies that no steam 
generator tube ruptures. Failure implies the rupture of one (TSGTR-1), between 2 and 10 
(TSGTR2-10), or more than 10 (TSGTR-10) tubes in a single steam generator as a 
consequence of the MSLB.  

Auxiliary Feedwater System Secondary Cooling (AFW). Success of the AFW system in 
removing core heat implies the use of a motor- or steam-turbine-driven pump to provide 
feedwater to at least one steam generator.  

Primary Cooling Bleed-and-Feed (FB). This event is considered for sequences in which 
AFW secondary cooling fails. Success implies the manual opening of the PORVs to reduce 
RCS pressure (bleed) and the injection of water via HHSI pumps for core cooling (feed).  

Main Steam Isolation Valve (MSIV). This event is considered for MSLB outside 
containment. Success of MSIV isolation involves automatic or manual closure of all the 
intact steam generator MSIVs. Failure leads to excessive RCS cooldown and potential reactor 
vessel PTS failure.  

Faulted Steam Generator Isolation (MSGI). Success implies that all normal paths for the 
escape of non-condensible gases through the main steam lines from the faulted steam 
generator are closed and that the operator stops AFW flow to the faulted steam generator.  

High-Head Safety Injection (HHI). This event is considered for sequences that entail bleed
and-feed operation or failure to isolate the faulted steam generator. Success implies that at 
least one pump injects water into at least one 2-in. RCS cold leg. Failure requires that
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alternative core cooling be established. Failure also precludes pressurized thermal shock of 
the reactor vessel during overcooling sequences.  

Reactor Vessel Integrity (RV). This event is considered for sequences in which the faulted 
steam generator is not isolated. Success implies that high-head safety injection is stopped, 
precluding reactor vessel PTS failure. Failure implies reactor vessel rupture.  

Containment Fan Coolers (CFC). Success of the fan coolers in containment heat removal 
implies the operation of at least three fan coolers, in their emergency mode, and of two 
essential service water pumps. The operation of the fan coolers is considered only for those 
sequences in which a faulted steam generator is not isolated or AFW system core cooling 
fails. Because containment pressure increases in these circumstances, containment heat 
removal is required to prevent containment failure. - Failure of the containment fan coolers 
requires alternative methods for containment heat removal.  

Containment Spray System (CSS). Success of the containment spray system implies an 
adequate RWST inventory and the use of at least one containment spray pump to provide 
early containment decay heat removal. This event is considered for sequences in which 
containment fan coolers fail. Containment spray operation can continue after RWST depletion 
if a portion of the long-term recirculation core cooling flow is diverted to the containment 
spray headers.  

* 'Operator Initiates High-Head Recirculation Flow (OHR). This event is considered in 
sequences in which secondary-side cooling is not provided. Success implies the manual 
initiation of long-term high-head recirculation cooling through the eight-switch sequence.  

High-Head Recirculation via Recirculation Pumps (HHIR) and RHR Pumps (HHER).  
These events are considered for sequences in which secondary-side cooling is not provided.  
Success implies that at least one recirculation pump (HHIR) or RHR pump (HHER) supplies 
water to the HHSI pump suction and a 2-in. RCS cold leg.  

Containment Decay Heat Removal via Recirculation (CDHR1) or RHR Pumps 
(CDHR2). This event is considered for sequences involving a loss of secondary-side cooling 
and failure of the containment fan coolers. It is considered for sequences in which long-term 
recirculation core cooling via recirculation (CDHR1) or RHR (CDHR2) pumps is successful.  
Success of containment decay heat removal implies the use of at least one CCW system 
pump, one RHR heat exchanger and one nonessential service water pump to provide 
containment decay heat removal.  

MSLB Sequences. In defining a sequence, a slash (/) preceding an event designator 
indicates the event is a success. Asterisks (*) separate the event designators.
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MSLB Inside Containment Sequences.  

Sequence T4-1: T4*/C*/BI*/TSGTR*/AFW*/MSGI. An MSLB inside containment occurs 
(T4) followed by a reactor trip. The reactor scrams (/C). Offsite ac power to the 6.9-kV 
buses is available (/B1). No steam generator tubes rupture (/TSGTR). RCS cooldown occurs, 
and RCS pressure decreases, because of energy removal via the steam break. A safety 
injection actuation signal is given on low pressurizer pressure (<1720 psig). This signal 
initiates both high- and low-head safety injection pumps, and the auxiliary feedwater system.  
HHSI pumps inject borated water into the vessel, suppressing the inserted positive reactivity 

'and compensating for the shrinkage in RCS water volume caused by RCS cooldown. The 
failure of the HHSI system to function, however, will not affect the progression of this 
sequence. The AFW system provides core decay-heat removal through the remaining intact 
steam generators (/AFW). Subsequently, the operator closes the steam paths from the faulted 
steam generator and secures AFW flow to the faulted steam generator (/MSGI). This action 
prevents continued RCS cooldown and potential PTS or containment failure because of 
overpressurization and so mitigates the transient. This sequence results in a safe core and 
containment.  

Sequence T4-2: T4*/C*/BI*/TSGTR*/AFW*MSGI*/HHI*/RV*/CFC. Same as sequence 
T4-1, except that the operator fails to isolate the faulted steam generator and secure AFW 
system flow to it (MSGI). Subsequent RCS cooldown requires the operator to terminate high
head injection to prevent potential reactor vessel PTS failure (/RV). With containment 
pressure increasing because of continued steam blow down into containment, the fan coolers 
are started in their emergency mode, precluding containment overpressurization (/CFC). A 0 
safe core and containment result.  

Sequence T4-3: T4*/C*/BI*/TSGTR*/AFW*MSGI*/HHI*/RV*CFC. Same as sequence 
T4-2, except that random mechanical faults fail the fan coolers (CFC). Containment failure 
and a vulnerable core result.  

Sequence T4-4: T4*/C*/BI*/TSGTR*/AFW*MSGI*/HHI*RV. Same as sequence T4-2, 
except that PTS fails the reactor vessel (RV). This sequence is transferred to the reactor 
vessel rupture event tree for further development.  

Sequence T4-5: T4*/C*iB1*/TSGTR*/AFW*MSGI*HHI*/CFC. Same as sequence T4-2 
except that the HHSI system fails (HHI) eliminating reactor vessel PTS failure as a cause for 
concern. Subsequently, with AFW providing core cooling (/AFW) and containment fan 
coolers operating in their emergency mode to control containment pressure (/CFC), a safe core 
and containment result.  

Sequence T4-6: T4*/C*/BI*/TSGTR*/AFW*MSGI*HHI*CFC. Same as sequence T4-5 
except that random mechanical faults fail the fan coolers (CFC). Containment failure and a 
vulnerable core result.
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* Sequence T4-7: T4*/C*[BI*/TSGTR*AFW*/FB*/HHI*/CFC*/OHR*JHHIR. Same as 
sequence T4-1 except that AFW fails to remove core decay heat through the steam generators 
(AFW). Because RCS pressure remains high (above the high-head safety injection system 
pump shut-off head), the operator opens all PORVs to reduce RCS pressure. As RCS water 
inventory decreases, RCS pressure falls enough to allow high-head safety injection system 
core cooling and RCS bleed-and-feed operation (/FB). Subsequently, with containment 
pressure increasing because of PORV opening, the fan coolers start in their emergency mode 
of operation to control containment overpressure (/CFC). Because continued bleed-and-feed 
operation precludes the use of the RHR system for shutdown cooling (as RCS pressure 
remains above the RHR pump shut-off head), the operator initiates high-head long-term 
cold-leg recirculation following RWST depletion (/OHR). Recirculation system pumps provide 
long-term core cooling (/HHIR). A safe core and containment result.  

Sequence T4-8: T4*/C*/BI*/TSGTR*AFW*/FB*/HHI*/CFC*/OHR*HHIR*/HHER.  
Same as sequence T4-7 except that random mechanical faults fail the recirculation system 
pumps (HHIR). The operator then uses the RHR pumps for high-head long-term cold-leg 
recirculation core cooling (/HHER). A safe core and containment result.  

Sequence T4-9: T4*/C*/BI*/TSGTR*AFW*/FB*/HHI*/CFC*/OHR*HHIR*HHER.  
Same as sequence T4-7 except that random mechanical faults fail both the recirculation and 
RHR systems (HHIR*HHER). With no high-head long-term core cooling, core damage and'a 
vulnerable containment result.  

Sequence T4-10: T4*/C*/BI*/TSGTR*AFW*/FB*/HHI*/CFC*OHR. Same as sequence 
T4-7 except that, after RWST depletion, the operator fails to initiate high-head long-term 
recirculation core cooling in time (OHR). Core damage and a vulnerable containment result.  

Sequence T4-11: T4*/C*/BI*/TSGTR*AFW*/FB*/HHI*CFC*/CSS*/OHR*/HHIR* 
/CDHR1. Same as sequence T4-7 except that the fan coolers fail to start on high 
containment pressure (CFC). The containment spray system then initiates when containment 
pressure reaches 22 psig (/CSS). Late containment overpressure control is provided after 
RWST depletion and successful changeover to cold-leg long-term recirculation flow by 
placing one RHR heat exchanger in service (/CDHR1). This sequence results in a safe core 
and containment.  

Sequence T4-12: T4*/C*/BI*/TSGTR*AFW*/FB*/HHI*CFC*/CSS*/OHR*/HHIR* 
CDHR1. Same as sequence T4-11 except that both the fan coolers and RHR heat exchangers 
fail to provide long-term containment heat removal (CFC*CDHR1). Containment failure and 
a vulnerable core result.  

Sequences T4-13 and T4-14. Same as sequences T4-11 and T4-12 except that random 
mechanical faults fail the recirculation system pumps (HHIR). The operator then uses the 
RHR system for recirculation core cooling (/HHER) and long-term containment heat removal 

A, (/CDHR2).
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Sequence T4-15: T4*/C*/BI*/TSGTR*AFW*/FB*/HHI*CFC*/CSS*/OHR*HHIR* 
HHER. Same as sequence T4-11 except that random mechanical faults fail both the 

recirculation and RHR systems (HHIR*HHER). With no long-term core cooling, core 
damage and a vulnerable containment result.  

Sequence T4-16: T4*/C*/BI*/TSGTR*AFW*/FB*/HHI*CFC*/CSS*OHR. Same as 
sequence T4-11 except that, after RWST depletion, the operator fails to initiate high-head 
long-term recirculation core cooling in time (OHR). Core damage and a vulnerable 
containment result.  

Sequences T4-17 to T4-22. Same as sequences T4-11 to T4-16 except that early containment 
spray operation fails.  

Sequence T4-23: T4*/C*/BI*/TSGTR*AFW*/FB*HHI*/CFC. Same as sequence T4-1 

except that random mechanical faults fail both the high-head safety injection and auxiliary 
feedwater systems (HHI*AFW) and so preclude removal of decay heat through the steam 
generators and bleed-and-feed operation. Unable to depressurize the RCS for low-head 
injection, RCS boil-off occurs at the PORV setpoint. Core damage and a vulnerable 
containment result.  

Sequence T4-24: T4*/C*/BI*/TSGTR*AFW*/FB*HHI*CFC*/CSS. Same as sequence 
T4-23 except that the fan coolers fail to operate (CFC). Early containment pressure control is 

*then provided by the containment spray system (/CSS). Core damage and a vulnerable 
containment result.  

'Sequence T4-25: T4*/C*/B1*/TSGTR*AFW*/FB*HHI*CFC*CSS. Same as sequence 
T4-23 except that both the fan coolers and containment spray system fail (CFC*CSS). Core 
damage and a vulnerable containment result.  

Sequences T4-26 to T4-28. Same as sequences T4-23 to T4-25 except that the PORVs fail 
to open when the operator attempts to establish bleed-and-feed operation (FB). This prevents 
operation of the high-head safety injection system. Inability to depressurize the RCS also 
precludes low-head safety injection. Core damage and a vulnerable containment result.  

Sequence T4-29: T4*/C*/BI*TSGTR-1. An MSLB occurs (T4) and the reactor scrams (C).  
Because of secondary side depressurization, the tubes in the steam generator feeding the failed 
line experience a severe pressure loading. Subsequently, one steam generator tube ruptures 
(TSGTR-1). This sequence was transferred to the small LOCA event tree for further 
development.  

Sequence T4-30: T4*/C*/BI*TSGTR2-10. Same as sequence T4-29, except that between 2 
and 10 steam generator tubes rupture in a single steam generator (TSGTR2-10).
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Sequence T4-31: T4*/C*/BI*TSGTR-10. Same as sequence T4-29, except that more than 

10 steam generator tubes rupture in a single steam generator (TSGTR-10).  

Sequences T4-32 to T4-62. Same as sequences T4-1 to T4-31, except that offsite ac power 
to the 6.9-kV buses is unavailable (B1). However, onsite ac power is established (/B2).  

Sequence T4-63: T4*/C*BI*B2. An MSLB occurs (T4) and the reactor scrams (1C).  
Subsequently, both offsite and onsite ac power fails (BI*B2). At this point the sequence 
frequency is <10-8/year; therefore, the sequence was not developed further.  

Sequence T4-64: T4*C. An MSLB occurs inside containment (T4) creating conditions that 
lead to a reactor scram. The control rods are not inserted into the core (C). At this point, the 
sequence frequency is about 10-8 /year. Therefore, the sequence was not developed further.  

MSLB Outside Containment Sequences.  

Sequence T5-1: T5*/C*/B1*/TSGTR*/AFW*/MSIV. An MSLB occurs outside 
containment (T5), followed by a reactor trip. The reactor scrams (/C). Offsite ac power to 
the 6.9-kV buses is available (/B11). No steam generator tubes rupture (/TSGTR). RCS 
cooldown occurs. Pressure and temperature decrease because of energy removal via the steam 
break.,' A safety injection actuation signal is given on low pressurizer pressure (<1720 psig)Y 

.-This signal initiates both high- and low-head safety injection pumps and the auxiliary 
feedwater system. HHSI pumps inject borated water into the vessel to suppress the inserted 
positive reactivity and compensate for the shrinkage in RCS water volume caused by RCS 
cooldown. The failure of the HHSI system to function, however, will not affect the 
progression of this sequence. The MSIVs close to preclude uncontrolled depressurization of 
the intact steam generators (/MSIV). The AFW system provides core decay-heat removal 
through the remaining intact steam generators (/AFW). Continued AFW operation allows for 
reactor core cooling and eventual hot shutdown. A safe core and containment result.  

Sequence T5-2: T5*/C*/BI*/TSGTR*/AFW*MSIV*/MSGI. Same as sequence T5-1, 
except that a main steam isolation valve fails to close (MSIV). The operator closes the steam 
paths from the faulted steam generator and secures AFW flow to the faulted steam generator 
(/MSGI). This sequence results in a safe core and containment.  

Sequence T5-3: T5*/C*/BI*/TSGTR*/AFW*MSIV*MSGI*/HHI*/RV. Same as sequence 
T5-2, except that the operator fails to isolate the faulted steam generator and secure AFW 
system flow to the faulted steam generator (MSGI). Subsequent RCS cooldown requires the 
operator to terminate high-head injection to prevent potential reactor vessel PTS failure (/RV).  
This sequence results in a safe core and containment.  

Sequence T5-4: T5*/C */B1 */TSGTR*/AFW*MSIV*MSGI*/HHi*RV*/CFC. Same as 
sequence T5-3, except that PTS fails the reactor vessel (RV). This sequence was transferred 
to the reactor vessel rupture event tree for further development.  
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Sequence T5-5: T5*/C*/BI*/TSGTR*/AFW*MSIV*MSGI*HHI. Same as sequence T5-2, 
except that random mechanical faults fail the high-head safety injection system (HHI). This O 
precludes reactor vessel PTS failure. With AFW providing core cooling, a safe core and 
containment result.  

Sequence T5-6: T5*/C*/BI*/TSGTR*/AFW*MSIV*/HHI*/RV. Same as sequence T5-1, 
except that two or more main steam isolation valves fail to close (MSIV). Subsequently, the 
operator stops high- and low-head safety injection flow (/RV) to prevent continued RCS 
cooldown and potential PTS and mitigate the accident.  

Sequence T5-7: T5*/C*/B1*/TSGTR*/AFW*MSIV*/HHI*RV. Same as sequence T5-6, 
except that PTS fails the reactor vessel (RV). This sequence was transferred to the reactor 
vessel rupture event tree for further development.  

Sequence T5-8: T5*/C*/B1*frSGTR*/AFW*MSIV*HHI. Same as sequence T5-6, except 
that mechanical faults fail the high-head safety injection system (HHI), precluding PTS.  
Subsequently, with AFW providing core cooling, a safe core and containment result.  

"Sequence T5-9: T5*/C*/BI*fSGTR*AFW*/FB*/HHI*/CFC*/OHR*/HHIR. Same as 
sequence T5-1, except that AFW fails to remove core decay heat through the steam generators 
(AFW). Because RCS pressure remains above the HHSI system pump shut-off head, the 
operator opens all PORVs to reduce RCS pressure. As RCS water inventory decreases, RCS 
pressure falls enough to allow HHSI system core cooling and RCS bleed-and-feed operation, 
(/FB). Subsequently, with containment pressure increasing because of PORV opening, the fan p 
coolers start in their emergency mode of operation to control containment overpressure 
(/CFC). With continued bleed-and-feed operation, RCS pressure remains above the RHR 
pump shut off head, precluding the use of the RHR system for shutdown cooling.  
Accordingly, the operator initiates high-head long-term cold-leg recirculation following RWST 
depletion (/OHR). Recirculation system pumps provide long-term core cooling (/HHIR). A 
safe core and containment result.  

Sequence T5-10: T5*/C*/BI*/TSGTR*AFW*/FB*/HHI*/CFC*/OHR*HHIR*/HHER.  
Same as sequence T5-9, except that random mechanical faults fail the recirculation system 
pumps (HHIR). The operator then uses the RHR pumps for high-head long-term cold-leg 
recirculation core cooling (/HHER). A safe core and containment result.  

Sequence T5-11: T5*/C*/BI*/TSGTR*AFW*/FB*/HHI*/CFC*/OHR*HHIR*HHER.  
Same as sequence T5-9, except that random mechanical faults fail both the recirculation and 

'RHR systems (HHIR*HHER). With no high-head long-term core cooling, core damage and a 
vulnerable containment result.  

Sequence T5-12: T5*/C*/BI*/TSGTR*AFW*/FB*/HHI*/CFC*OHR. Same as sequence 
T5-9, except that, after RWST depletion, the operator fails to initiate high-head long-term 
recirculation core cooling in time (OHR). Core damage and a vulnerable containment result.
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S Sequence T5-13: T5*/C*/BI*/TSGTR*AFW*/FB*/HHI*CFC*/CSS*/OHR*/HHIR* /CDHR1. Same as sequence T5-9, except that the fan coolers fail to start on high 
containment pressure (CFC). The containment- spray system then initiates when containment 
pressure reaches 22 psig (/CSS). Late containment overpressure control is provided after 
RWST depletion and successful changeover to cold-leg long-term recirculation flow by 
placing one RHR heat exchanger in service (/CDHR1). A safe core and containment result.  

Sequence T5-14: T5*/C*/BI*/TSGTR*AFW*/FB*/HHI*CFC*/CSS*/OHR*/HHIR 

*CDHR1. Same as T5-13, except that both the fan coolers and RHR heat exchangers fail to 

provide long-term containment heat removal (CFC*CDHR1). Containment failure and a 
vulnerable core result.  

Sequences T5-15 and T5-16. Same as sequences T5-13 and T5-14, except that random 
mechanical faults fail the recirculation system pumps (HHIR). The operator then uses the 
RHR system for recirculation core cooling (/HHER).  

Sequence T5-17: T5*/C*/BI*/TSGTR*AFW*/FB*/HHI*CFC*/CSS*/OHR*HHIR 

*HHER. Same as sequence T5-13, except that random mechanical faults fail both the 

recirculation and RHR systems (HHIR*HHER). With no long-term core cooling, core 
damage and a vulnerable containment result.  

Sequence T5-18: T5*/C*/B1 */TSGTR*AFW*/FB*/HHI*CFC */CSS OHR. Same as 
sequence T5-13, except that,-after RWST depletion, the operator fails to initiate high-head 
long-term recirculation core cooling in time (OHR). Core damage and a vulnerable 
containment result.  

Sequences T5-19 to T5-24. Same as sequences T5-13 to T5-18, except that early 
containment spray operation fails (CSS).  

Sequence T5-25: T5*/C*/B1*/TSGTR*AFW*/FB*HHI*/CFC. 'Same as sequence T5-1, 
except that random mechanical faults fail both the HHSI and AFW systems (HHI*AFW).  
This precludes bleed-and-feed operation. Unable to depressurize the RCS for low-head 
injection, RCS boil-off occurs at the PORV setpoint. Core damage and a vulnerable 
containment result.  

Sequence T5-26: T5*/C*/BI*/TSGTR*AFW*/FB*HHI*CFC*/CSS. Same as sequence 
T5-25, except that the fan coolers fail to operate (CFC). Early containment pressure control 
is then provided by the containment spray system (/CSS). Core damage and a vulnerable 
containment result.  

Sequence T5-27: T5*/C*/BI*/TSGTR*AFW*/FB*HHI*CFC*CSS. Same as sequence T5
25, except that both the fan coolers and containment spray system fail (CFC*CSS). Core 
damage and a vulnerable containment result.  

0 
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Sequences T5-28 to T5-30. Same as sequences T5-25 to T5-27, except that the PORVs fail 
to open when the operator attempts to establish bleed-and-feed operation (FB). This failure 
prevents operation of the HHSI system. Core damage and a vulnerable containment result.  

Sequence T5-31: T5*/C*/B1*TSGTR-1. An MSLB occurs outside containment and 
upstream of the main steam isolation valve (T5). The reactor scrams (/C). Subsequently, one 
steam generator tube ruptures (TSGTR-1). This sequence was transferred to the steam 
generator tube rupture event tree for further development.  

'Sequence T5-32: T5*/C*/BI*TSGTR2-10. Same as sequence T5-31, except that between 2 
and 10 steam generator tubes rupture in a single steam generator (TSGTR2-10).  

Sequence T5-33: T5*/C*/BI*TSGTR-10. Same as sequence T5-31, except that more than 
10 steam generator tubes rupture in a single steam generator (TSGTR-10).  

Sequences T5-34 to T5-66. Same as sequences T5-1 to T5-33, except that offsite ac power 
to the 6.9-kV buses is unavailable (B1). However, onsite ac power is established (/B2).  

-Sequence T5-67: T5*/C*BI*B2. An MSLB occurs (J5), and the reactor scrams (/C).  
'Subsequently, offsite and onsite ac power fails (B1 *B2). At this point the frequency of the 
sequence is <10-°/year. Therefore, the sequence was not developed further.  

.Sequence T5-68: T5*C. An MSLB occurs outside containment (J5), resulting in a reactor 
scram. The control rods are not inserted into the core (C). At this point, the frequency of the W 
sequence is about 10 9/year. Therefore, the sequence was not developed further.  

3.1.4.3 Steam Generator Tube Rupture 

Introduction. The steam generator tube rupture (SGTR) initiator comprises a double
ended rupture of one or more tubes in a single steam generator. The initiator breaches the 
high-pressure primary system boundary and causes reactor coolant flow into the low-pressure 
secondary-side. The rupture provides several potential offsite-release paths--reactor coolant 
could be released through any normal path for the escape of non-condensible gases via the 
main steam lines: through the main steam line atmospheric dump valve, steam generator 
safety-relief valves, steam generator blow down line, etc.  

'However, because any leak will be small, substantial time will be available for successful 
operator action. Reactor coolant system (RCS) flow into the secondary-side stops once RCS 
cooldown and depressurization occur (to below the 1085-psig steam generator safety valve 
setpoint). In addition, the ruptured steam generator is isolated to preclude its being overfilled 
with the attendant potential for a stuck-open SRV. After steam generator isolation and RCS 
cooldown/depressurization, the operator cools the damaged steam generator and places the 
reactor in cold shutdown.
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* Failure to reduce RCS pressure to a value below that of the ruptured steam generator 
secondary-side leads to continued loss of reactor coolant outside containment and thus to a 
lack of reactor coolant for long-term recirculation cooling.. A failure to isolate the faulted 
steam generator leads to containment bypass.  

Accident Progression. A single double-ended steam generator tube rupture in which 
outflow from the RCS break exceeds the make-up capacity of the charging system leads to a 
reactor trip on low pressurizer pressure (<1835 psig). After the reactor trip, RCS pressure 
decreases because of sensible energy transfer from the primary to the secondary-side and 
because SGTR flow depletes RCS inventory. Low RCS pressure results in a low pressurizer 
pressure (<1720 psig) safety injection signal and initiation of the auxiliary feedwater (AFW) 
and high-head safety injection (HHSI) systems. AFW provides secondary-side cooling, and 
the HHSI system restores RCS water inventory diminished by the SGTR.  

Following actuation of the AFW and HHSI systems, mitigation of a SGTR event requires the 
operator to identify and isolate the ruptured steam generator to minimize offsite releases and 
permit termination of the break flow. Isolation of the ruptured steam generator involves 
stopping feedwater to the faulted SG and closing the associated main steam line isolation 
valve, main steam line isolation bypass valve, atmospheric dump valve, turbine-driven AFW 
steam supply valves, and steam generator blow down line. However, complete isolation will! 
occur only when RCS pressure falls below the ruptured steam generator pressure. This 
situation requires the operator to cool down the RCS. The other intact steam generators are 
used to reduce RCS temperature to at least 50'F below the saturation temperature of the 
ruptured steam generator, ensuring subcooling of the RCS after its depressurization to the 
ruptured steam generator pressure. Following RCS cooldown, the RCS is depressurized using 
the pressurizer sprays or by opening a single PORV, until the pressures of the RCS and the 
ruptured steam generator are equal, flow through the breach stops, and the reactor is stable.  

Long-term plant recovery is achieved by continued cooldown of the intact steam generators 
until RHR shutdown cooling is initiated and the ruptured steam generator is depressurized.  

Steam Generator Tube Rupture Assumptions.  

" Sequences that involve failure to isolate the ruptured steam generator (e.g., a stuck-open 
steam generator safety-relief valve) must terminate with the reactor in a stable cold 
shutdown condition--hot shutdown is unstable because the primary inventory continues to 
boil off to the atmosphere along the bypass path. Therefore, RHR shutdown cooling is 
aligned to achieve cold shutdown.  

* Should a single tube rupture, RCS cooldown and depressurization must occur in 
approximately 30 min. to prevent overfilling--if the ruptured steam generator is overfilled, 
it cannot be isolated as the SRV opens. Should niultiple tubes rupture as a result of an 
MSLB, events will evolve more quickly, increasing the probability of human error.
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" It is most unlikely that steam generator -tube rupture and the filling of the main steam line 
with water will induce a main steam line break.  

" Because tube degradation will normally be more advanced in one steam generator than in 
the others, multiple tube ruptures will occur in only one steam generator.  

Steam Generator Tube Rupture Success Criteria. Success criteria for the steam 
generator tube rupture initiator involve three primary functions: reactor subcriticality, early 
core cooling, and the maintenance of RCS integrity through operator control of RCS pressure.  
The last criterion requires using the intact steam generators to cool down the RCS and RCS 
depressurization using pressurizer sprays or by opening a single PORV. Success criteria for 
the steam generator tube rupture transient initiator are presented in Table 3.1.4.3.  

Steam Generator Tube Rupture Event Tree. The event tree for steam generator tube.  
rupture (T7) initiated by tube rupture is shown in Figure 3.1.4.3. The event tree for steam 
generator tube rupture initiated by an MSLB is shown in Figure 3.1.4.4. The event tree 
displays only the minimum combination of events required to prevent core damage. The top 
events shown in the steam generator tube rupture event tree are defined as follows: 

Steam Generator Tube Rupture (T7). A double-ended rupture of a single tube occurs, 
causing a breach between the RCS and the secondary-side pressure boundary.  

RPS Scram (C). Success implies all control rods are inserted into the reactor core; failure 
leads to an anticipated transient without scram (ATWS) event.  

Offsite ac Power Available (1). Success implies offsite ac power is available; failure leads 
to a demand for onsite ac power.  

Onsite ac Power Available (B2). Success implies onsite ac power is available; failure leads 
to a plant station blackout event (SBO).  

High-Head Safety Injection (HHI). Success implies that at least one pump injects water 
into at least one 2-in. RCS cold leg to restore RCS inventory lost because of the SGTR 
initiator. Failure requires that alternative core cooling be established.  

Auxiliary Feedwater System Secondary Cooling (AFW). Success of the AFW in removing 
core heat implies the use of a motor- or steam-turbine-driven pump to provide feedwater to at 
least one steam generator.  

Primary Cooling Bleed-and-Feed (FB). This event is considered for sequences in which 
AFW secondary cooling fails. Success implies the manual opening of the PORVs to reduce 
RCS pressure (bleed) and the injection of water via HHSI pumps to cool the core (feed).  

Isolation of the Faulted Steam Generator (SGISO). Success implies that feedwater and all 
normal paths for the release of non-condensible gases from the faulted steam generator via the
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Table 3.1.4.3 

Steam Generator Tube Rupture (T7) Success Criteria 

Reactor Early Core RCS Early Containment Late Core Late Containment 
Subcriticality Cooling Integrity' Overpressure Cooling2  Overpressure 

Control Control 

A) [RPS] A) [I of 3 AFW pumps injecting A) [Depressurize RCS to less than steam Not applicable A) [I of 3 AFW pumps Not applicable2 

into I of 3 intact steam generator relief valve setpoint through the injecting into I of 4 
generators]' use of all normal pressurizer sprays or steam generatorsi 

opening of a single PORVI 
or or 

and 
B) [I of 3 AFW pumps injecting B) [I of 2 RIIR pumps 

into I of 3 intact steam isolate the following: in shutdowm cooling 
generators model' 

[main steam line isolation valve, main steam 
and line isolation bypass valve, atmospheric 

dump valve, turbine driven AFW steam 

I of 3 HHSI pumps injecting supply valves, and steam generator 

into I of 4 RCS cold legs blowdown line] 

- and 

Makeup to the RWST]
4 

1. Definition of RCS boundary includes steam generator integrity because of the potential for containment bypass.  

2. Sequences that involve either a loss of AFW (and subsequent bleed and feed cooling) or stuck open PORV require eventual recirculation cooling for successful mitigation similar to that 
achieved with transient initiators.  

3. Sequences involving failure of ruptured steam generator isolation and/or stuck open safety relief valve require RCS cooldown and depressurization and use of the RIIR system in its shutdown 
cooling mode to achieve a stable endstate (cold shtudown).  

4. Sequences involving RCS cooldown and depressurization failure will preclude long-term recirculation core cooling via the recirculation and containmnet sumps; therefore successful SGTR 
mitigation requires RWST makeup to replenish loss RWST inventory.
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main steam lines are isolated.

Operator Performs Early or Late RCS Cooldown and Depressurization (ORCS).  
Success requires the operator to perform manual RCS cooldown, using the atmospheric relief 
valves on the intact SGs, followed by RCS depressurization through the use of pressurizer 
sprays or the opening of a single PORV.  

Normal Pressurizer Sprays Depressurize RCS (PRZRSPR). Success implies the use of all 
normal pressurizer sprays to reduce RCS pressure to below that of the ruptured steam 
generator. Failure requires that a single PORV be opened.  
PORV Used To Depressurize RCS (PORV). Success implies that at least one PORV be 
opened to reduce RCS pressure below that of the ruptured steam generator.  

Pressurizer PORV Recloses After Opening During RCS Depressurization (PSGTR).  
Success implies reclosure of the open PORV when RCS pressure drops below the pressure of 
the ruptured steam generator.  

Operator Initiates Low-Head Recirculation Flow (OLR). This event is considered in 
sequences involving a stuck-open PORV and failure of the HHSI system to provide RCS 
inventory control. Success implies the manual initiation of long-term low-head recirculation 
cooling through the eight-switch sequence.  

Operator Initiates High-Head Recirculation Flow (OHR). This event is considered in 
sequences involving a stuck-open PORV or failure of AFW to provide secondary-side cooling.  
Success implies the manual initiation of long-term high-head recirculation cooling through the 
eight-switch sequence.  

High-Head Recirculation via Recirculation Pumps (HHIR) or RHR Pumps (HHER).  
This event is considered for sequences involving a stuck-open PORV or failure of AFW to 
provide secondary-side cooling. Success implies that at least one recirculation pump (HHIR) 
or RHR pump (HHER) supplies water to the HHSI pump suction and one 2-in. RCS cold leg.  

Low-Head Recirculation via Recirculation Pumps (LHIR) or RHR Pumps (LHER). This 
event is considered in sequences which involve a stuck-open PORV and failure of the HHSI 
system to provide RCS inventory control. Success implies that at least one recirculation 
pump (LHIR) or RHR pump (LHER) injects water into at least one 10-in. RCS cold leg to 
provide low-head long-term core cooling.  

Operator Depressurizes RCS for Low-Head Injection (ODEP). This event is considered in 
sequences in which high-head injection fails and RCS water loss continues because of a 
failure to isolate the ruptured steam generator or the failure of a single PORV to reclose.  
Success implies the RCS is depressurized by opening a second PORV or blowing down the 
steam generators, thus allowing low-head injection.  
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Low-Head Safety Injection Operation via RHR-Pumps (LHI). This event is considered ,'for sequences in which high-head injection fails and RCS water loss continues because the 
.ruptured steam line is not isolated or a single PORV fails to reclose. Success implies that 
'sufficient reactor cooling is provided by at least one RHR pump in the LHSI mode injecting water into at least one 10-in. RCS cold leg. Failure requires that alternative core cooling be 
established.  

Accumulators (ACC). This event is considered in sequences in which high-head injection 
-fails and RCS water loss continues because the ruptured steam generator is not isolated or a 
single PORV fails to reclose. Success implies the discharge of at least two of four 
accumulators into their associated RCS 10-in. cold legs.  

Operator Performs RCS Cooldown and Depressurization (ORCS-MSLB). This event is 
considered in sequences in which an MSLB occurs outside containment, inducing steam 
generator tube rupture. Success implies that an operator performs RCS cooldown and 
depressurization.  

Residual Heat Removal Provided By Shutdown Cooling (RHR-SD). This event is 
considered for sequences in which ruptured steam generator isolation fails. Success implies 
that core cooling is provided by at least one RHR system pump aligned in its shutdown 
cooling mode, together with one RHR heat exchanger, one CCW system pump, and one 

,"non-essential service water pump.  

RWST Refilled for Continued Core Cooling (WRWST). This event is considered only in 
4hose sequences in which RCS depressurization or RHR shutdown cooling fail. Because of 
the SGTR break location, water lost from the RCS does not return to the containment sumps.  

-Therefore, long-term recirculation core cooling is unavailable. Success implies refilling the, 
RWST with primary make-up water to provide a continued source of water for core cooling.  

Containment Fan Coolers .(CFC). Success of the fan coolers, in containment decay heat 
removal implies the operation of at least three fan coolers in their emergency mode and of 
two essential service water pumps. Failure requires alternative methods for containment decay 
heat removal.  

.Containment Spray System (CSS). Success implies an adequate RWST inventory and use 
of at least one containment spray pump to provide early containment decay heat removal.  
Containment spray operation can continue after RWST depletion if a portion of the long-term 
recirculation core cooling flow is diverted to the containment spray headers.  

Containment Decay Heat Removal via Recirculation'(CDHR1) or RHR Pumps 
(CDHR2). CDHR1 and CDHR2 are considered in SGTR sequences involving successful 
operation of long-term recirculation core cooling via recirculation or RHR pumps. Success 
implies the use of at least one CCW system pump, one RHR heat exchanger, and two 
nonessential service water pumps to remove decay heat from the containment.
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Steam Generator Tube Rupture Sequences. Two sets of SGTR sequences were 

developed: those initiated by tube rupture and those initiated by an MSLB outside 

containment. SGTR sequences initiated by an MSLB inside containment were transferred to 

the small LOCA event tree for further development. In defining a sequence, a slash (/) 

preceding an event designator indicates the event is a success. Asterisks (*) separate the event 

designators.  

Sequences Initiated by Tube Rupture.  

.Sequence T7-1: T7*/C*/BI*/HHI*/AFW*/SGISO*/ORCS*/PRZRSPR. A steam 

generator tube rupture event occurs (T7), followed by a reactor trip. The reactor scrams (/C).  

-Offsite ac power to the 6.9-kV buses is available (/B1). At a 1720-psig pressurizer pressure, 
a safety injection actuation signal is given that initiates both high- and low-head safety 

injection pumps and the auxiliary feedwater system. HHSI pumps inject water into the vessel, 

replenishing lost RCS water (/HHI), and AFW provides core decay-heat removal through the 

steam generators (/AFW). To prevent a LOCA containment bypass event, the operator 

identifies and isolates the rhptured steam generator (/SGISO). With RCS pressure exceeding 

that in the ruptured steam generator, the operator initiates RCS cooldown and depressurization 

to reduce RCS pressure (/ORCS). Normal pressurizer sprays are used to depressurize the 

RCS to below the ruptured steam generator pressure and terminate the break flow 

(/PRZRSPR). This sequence results in a safe core and containment.  

Sequence T7-2: T7*/C*/BI*/HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV*/PSGTR 
Same as sequence T7-1 except that random mechanical faults fail the pressurizer sprays 

(PRZRSPR). The operator then opens a single PORV to depressurize the RCS (/PORV).  

When RCS pressure is less than that of the ruptured steam generator, the PORV is closed 

(/PSGTR). This sequence results in a safe core and containment.  

Sequence T7-3: T7*/C*/B1*/HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV*PSGTR* 
/OHR*/HHIR*/CFC. Same as sequence T7-2 except that a PORV fails to reclose (PSGTR) 

causing a breach in RCS integrity. HHSI flow in response to the stuck-open PORV depletes 

RWST inventory, requiring the operator to initiate high-head long-term cold-leg recirculation 

after RWST depletion (/OHR). Recirculation system pumps provide long-term core cooling 

(IHHIR). With containment pressure increasing because of the opened PORV, the fan coolers 

start in their emergency mode of operation to provide containment overpressure control 

(/CFC). This sequence results in a safe core and containment.  

Sequence T7-4: T7*/C*/BI*/HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV*PSGTR* 
/OHR*/HHIR*CFC*/CSS*/CDHR1. Same as sequence T7-3 except that the fan coolers fail 

to start on high containment pressure (CFC). The containment spray system then starts when 

containment pressure reaches 22 psig (/CSS). Late containment overpressure control is 

provided after RWST depletion and successful changeover to cold-leg long-term recirculation 

flow by placing one RHR heat exchanger in service (/CDHR1). This sequence results in a 
safe core and containment.  
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. Sequence T7-5: T7*/C*/BI*/HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV*PSGTR* 
.,/OHR*/HHIR*CFC*/CSS*CDHR1. Same as sequence T7-3 except that both the fan coolers 

and RHR heat exchangers fail to provide long-term- containment heat removal (CFC*CDHRI).  
This sequence results in containment failure and a vulnerable core.  

Sequences T7-6 and T7-7. Same as sequences T7-4 and T7-5 except that early containment 
spray operation fails (CSS).  

,Sequences T7-8 to T7-12. Same as sequences T7-3 to T7-7 except that random mechanical 
faults fail the recirculation system pumps (HHIR). The operator then uses the RHR system 
for recirculation core cooling (/HHER) and long-term containment heat removal (/CDHR2).  

Sequence T7-13: T7*/C*/BI*/HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV*PSGTR* 
/OHR*HHIR*HHER*/CFC. Same as sequence T7-3 except that random mechanical faults 
fail both the recirculation and RHR systems (HHIR*HHER). With no high-head long-term 
core cooling, this sequence results in core damage and a vulnerable containment.  

Sequence T7-14: T7*/C*/BI*/HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV* 
PSGTR*/OHR*HHIR*HHER*CFC*/CSS. Same as sequence T7-13 except that the fan 
coolers fail to start on high containment pressure (CFC). Containment pressure control is then 
'provided by the containment spray system (/CSS). This sequence results in core damage and 
,a vulnerable containment.  

,,Sequence T7-15: 
T7*/C*/BI*/HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV*PSGTR*/ 
OHR*HHIR*HHER*CFC*CSS. Same as sequence T7-13 except that both the fan coolers 

-and containment spray system fail to provide early containment pressure control (CFC*CSS).  
This sequence results in core damage and a vulnerable containment.  

Sequence T7-16: T7*/C*/BI*/HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV*PSGTR* 
OHR*/CFC. Same as sequence T7-3 except that after RWST depletion, the operator fails to 
initiate high-head long-term recirculation core cooling in time (OHR). This sequence results 
in core damage and a vulnerable containment.  

Sequence T7-17: T7*/C*/BI*/HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV*PSGTR* 
OHR*CFC*/CSS. Same as sequence T7-16 except that the fan coolers fail to start on high 
containment pressure (CFC). Containment pressure control is then provided by the 
containment spray system (/CSS). This sequence results in core damage and a vulnerable 
containment.  

Sequence T7-18: T7*/C*/BI*/HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV*PSGTR* 
OHR*CFC*CSS. Same as sequence T7-16 except that both the fan coolers and containment 
spray system fail to provide early containment pressure control (CFC*CSS). This sequence 
results in core damage and a vulnerable Containment.
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Sequence T7-19: T7*/C*/BI*/HHI*/AFW*/SGISO*/ORCS*PRZRSPR*PORV* 
/WRWST. Same as sequence T7-1 except that random mechanical faults fail RCS 
depressurization (PRZRSPR*PORV). Because of the SGTR break location, water lost from 
the RCS does not return to the containment sumps, and long-term recirculation core cooling is 
unavailable. This situation requires the operator to refill the RWST to provide continued core 
cooling (/WRWST). This sequence results in a safe core and containment.  

Sequence T7-20: T7*/C*/BI*/HHI*/AFW*/SGISO,ORCS*PRZRSPR*PORV, 
WRWST. Same as sequence T7-19. except that the operator fails to refill the RWST 
(WRWST). Without long-term recirculation from both the recirculation and containment 
sumps, RCS boil-off ensues. This sequence results in core damage and a vulnerable 
containment.  

Sequence T7-21: T7*/C*/BI*/HHI*/AFW*/SGISO*ORCS. Same as sequence T7-1 except 
that the operator fails to depressurize the RCS (ORCS). Combined with the SGTR, thiis 
failure causes the eventual depletion of the RWST inventory through the unisolated steam 
generator. With containment sumps bypassed, recirculation flow from the containment sumps 
is not possible. Since the operator fails to depressurize the RCS, it is highly likely that he 
will also fail to refill the RWST and provide continued core cooling. This sequence results in 
core damage and a vulnerable containment.  

Sequence T7-22: T7*/C*/BI*/HHI*/AFW*SGISO*/ORCS*/PRZRSPR*/RHR_.SD. Same 
as sequence T7-1 except that the steam generator overfills resulting in a stuck-open steam 
generator safety relief valve (SGISO). Subsequently, the operator initiates RCS 
depressurization (/ORCS). The use of the normal pressurizer sprays reduces RCS pressure 
below the ruptured steam generator pressure (/PRZRSPR). However, secondary heat removal 
(/AFW) is not effective, because the primary temperature must fall to the cold shutdown 

'temperature. RHR shutdown cooling is aligned (/RHR-SD) to remove decay heat and prevent 
further leakage into the ruptured steam generator. This sequence results in a safe core and 
containment.  

Sequence T7-23: T7*/C*/B */HHI*/AFW*SGISO*/ORCS*/PRZRSPR*RtR-SD* 
/WRWST. Same as sequence T7-22 except that RHR shutdown cooling fails (RHR-SD).  
Without long-term cooling, RCS boil-off ensues. However, the RWST is refilled (/WRWST), 
and core cooling is provided by the safety injection system (/HHI). This sequence results in a 
safe core and containment.  

Sequence T7-24: T7*/C*/BI*/HHI*/AFW*SGISO*/ORCS*/PRZRSPR*RHRSD* 
WRWST. Same as sequence T7-23 except that make-up to refill the RWST is insufficient 
(WRWST). With no long-term core cooling available, this sequence results in core damage 
and a vulnerable containment.  

Sequences T7-25 to T7-27. Same as sequences T7-22 to T7-24 except that random 
mechanical faults fail the pressurizer sprays (PRZRSPR). The operator then opens a single.
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W PORV to depressurize the RCS and closes the PORV when RCS pressure falls below the rfuptured steam generator pressure.  

Sequences T7-28 to T7-43. Same as sequences T7-3 to T7-18 except that random 
mechanical faults prevent the ruptured steam generator from being isolated (SGISO).  

Sequence T7-44: T7*/C*/BI*/HHI*/AFW*SGISO*/ORCS*PRZRSPR*PORV*/WRWST.  
Same as sequence T7-19 except that random mechanical faults prevent isolation of the 
ruptured steam generator (SGISO) and RCS depressurization (PRZRSPR*PORV). Because of 
the SGTR break location, water lost from the RCS does not return to the containment sumps 
and long-term recirculation core cooling is unavailable. Therefore, the operator refills the 
RWST to provide a continued source of water for core cooling (/WRWST). This sequence 
results in a safe core and containment.  

Sequence T7-45: T7*/C*/Bl*/HHI*/AFW*SGISO*/ORCS*PRZRSPR*PORV*WRWST.  
Same as sequence T7-44 except that make-up to refill the RWST is insufficient (WRWST).  
With long-term recirculation from both the recirculation and contaiinment sumps lost, RCS 
boil-off ensues. This sequence results in core damage and a vulnerable containment.  

Sequence T7-46: T7*/C*/B1*/HHI*/AFW*SGISO*ORCS. Same as sequence T7-22 
except that the operator fails to depressurize the RCS (ORCS). This failure, combined with 
the SGTR, causes the eventual depletion of the RWST inventory through the unisolated steam 

* generator. With the containment sumps bypassed, recirculation flow from them is not 
possible. This sequence results in core damage and a vulnerable containment.  

Sequences T7-47 to T7-71. Same as sequences T7-22 to T7-46 except that random 
mechanical faults prevent isolation of the ruptured steam generator (SGISO).  

Sequence T7-72: T7*/C*JBI*/HHI*AFW*/FB*/OHR*IHHIR*/CFC. Same as sequence 
T7-1 except that AFW fails to remove core decay heat through the' ,steam generators (AFW).  
Because RCS pressure remains high (above the high-head safety injection system pump shut
off head), the operator opens all PORVs, reducing RCS pressure. As RCS water inventory 
decreases, RCS pressure falls enough to allow HHSI system core cooling (/HHI) and RCS 
bleed-and-feed operation (/FB). Because continued bleed-and-feed operation precludes the use 
of the RHR system for shutdown cooling, RCS pressure remains above the RHR pump shut
off head. The operator initiates high-head long-term cold-leg recirculation following RWST 
depletion (/OHR). Recirculation system pumps provide long-term core cooling (/HHIR).  
Subsequently, with containment pressure increasing because of PORV opening, the fan coolers 
start in their emergency mode of operation to provide containment overpressure control 
(/CFC). This sequence results in a safe core and containment.  

Sequence T7-73: T7*/C*JBI*IHHI*AFW*/FB*/OHR*IHHIR*CFC*/CSS*/CDHR1.  
Same as sequence T7-72 except that the fan coolers fail to start on high containment pressure 
(CFC). The containment spray system then starts when containment pressure reaches 22 psig
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(/CSS). Late containment overpressure control is provided, after RWST depletion and 
successful changeover to cold-leg long-term recirculation flow, by placing one RHR heat 
exchanger in service (/CDHRl). This sequence results in a safe core and containment.  

Sequence T7-74: T7*/C*/BI*/HHI*AFW*/FB*/OHR*/HHIR*CFC*/CSS*CDHR1. Same 
as sequence T7-72 except that both the fan coolers and RHR heat exchangers fail to provide 
long-term containment heat removal (CFC*CDHR1). This sequence results in containment 
failure and a vulnerable core.  

Sequences T7-75 and T7-76. Same as sequences T7-73 and T7-74 except thatearly 
containment spray operation fails.  

Sequences T7-77 to T7-81. Same as sequences T7-72 to T7-76 except that random 
mechanical faults fail the recirculation system pumps (HHIR). The operator then uses the 
RHR system for recirculation core cooling (/HHER).  

Sequence T7-82: T7*/C*/BI*/HHI*AFW*/FB*/OHR*HHIR*HHER*/CFC. Same as 
sequence T7-72 except that random mechanical faults fail both the recirculation and RHR 

'systems (HHIR*HHER). With no-high-head long-term core cooling, this sequence results -in 
core damage and a vulnerable containment.  

Sequence T7-83: T7*/C*/BI*/HHI*AFW*/FB*/OHR*HHIR*HHER*CFC*/CSS. Same 
as sequence T7-82 except that the fan coolers fail to start (CFC) on high containment 
pressure. Containment pressure control is then provided by the containment spray system 
(/CSS). However, this sequence results in core damage and a vulnerable containment.  

Sequence T7-84: T7*/C*/BI*/HHI*AFW*/FB*/OHR*HHIR*HHER*CFC*CSS. Same as 
sequence T7-82 except that both the fan coolers and containment spray system fail to provide 
early containment pressure control (CFC*CSS). This sequence results in core damage and a 
vulnerable containment.  

Sequence T7-85: T7*/C*/BI*/HHI*AFW*/FB*OHR*/CFC. Same as sequence T7-72 
except that, after RWST depletion, the operator fails to initiate high-head long-term 
recirculation core cooling in time (OHR). This sequence results in core damage and a 
vulnerable containment.  

Sequence T7-86: T7*/C*/BI*/HHI*AFW*/FB*OHR*CFC*/CSS. Same as sequence T7
85 except that the fan coolers fail to start (CFC) on high containment pressure. Containment 
pressure control is then provided by the containment spray system (/CSS). This sequence 
results in core damage and a vulnerable containment.  

Sequence T7-87: T7*/C*/BI*/HHI*AFW*/FB*OHR*CFC*CSS. Same as sequence T7-85 
except that both the fan coolers and containment spray system fail to provide early 
containment pressure control (CFC*CSS).. This sequence results. in core damage and a

3-106



vulnerable containment.

Sequence T7-88: T7*/C*/BI*/HHI*AFW*FB*/CFC-. Same as sequence T7-72 except that 
the PORVs fail to open when the operator attempts to establish bleed-and-feed operation (FB).  
,This failure prevents operation of the high-head safety injection system and, with no effective 
means of depressurizing the RCS, low-head safety injection is precluded. This sequence 

results in core damage and a vulnerable containment.  

'Sequence T7-89: T7*/C*/BI*/HHI*AFW*FB*CFC*/CSS. Same as sequence T7-88 except 
that the fan coolers fail to operate (CFC). Containment sprays are then actuated when required 
,(/CSS). This sequence results in core damage and a vulnerable containment.  

Sequence T7-90: T7*/C*/BI*/HHI*AFW*FB*CFC*CSS. Same as sequence T7-88 except 
that both the fan coolers and containment spray system fail to provide early containment 
pressure control (CFC*CSS). This sequence results in core damage and a vulnerable 
containment.  

Sequences T7-91 and T7-92. Same as sequences T7-1 and T7-2 except that random 
mechanical faults fail the high-head safety injection system (HHI). The operator then 
performs RCS cooldown and depressurization to terminate the SGTR flow. Stable reactor 
conditions are reached by continued operation of AFW to provide secondary-side cooling.  
These sequences result in a safe core and containment.  

,Sequence T7-93: T7*/C*/BI*HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV*PSGTR* 
/ODEP*/ACC*/LHI*/OLR*/LHIR*/CFC. Same as sequence T7-91 except that the normal 
pressurizer sprays fail to reduce RCS pressure below the ruptured steam generator pressure 
(PRZRSPR). The operator then opens a single PORV to depressurize the RCS (/PORV).  
When the RCS pressure is less than the ruptured steam generator pressure, the PORV must 
close. However, a PORV fails to reclose (PSGTR), causing a breach in RCS integrity. With 
no HHSI available, RCS boil-off ensues and core cooling is inadequate. The operator then 
cools down and depressurizes the RCS (/ODEP). After RCS depressurization, core cooling is 
provided by the LHSI system (/LHI). Upon RWST depletion, the operator initiates long-term 
cold-leg recirculation (/OLR) which provides long-term core cooling (/LHIR). Subsequently, 
with containment pressure increasing because of the opened PORVs, the fan coolers start in 
their emergency mode of operation to provide containment overpressure control (/CFC). This 
sequence results in a safe core and containment.  

.Sequence T7-94: T7*/C*/BI*HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV* 
PSGTR*/ODEP*/ACC*LHI*/OLR*JLHIR*CFC*/CSS*/CDHR1. Same as sequence T7

-93, except that the fan coolers fail to start on high containment pressure (CFC). The 
containment spray system then starts when containment pressure reaches 22 psig (/CSS). Late 
containment overpressure control is provided after RWST depletion and successful changeover 
to cold-leg long-term recirculation flow by placing one RHR heat exchanger in service 
(/CDHR1). This sequence results in a safe core and containment.
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Sequence T7-95: T7*/C*/BI*HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV* 
PSGTR*/ODEP*/ACC*/LHI*/OLR*/LHIR*CFC*/CSS*CDHR1. Same as sequence T7-93 
except that both the fan coolers and RHR heat exchangers fail to provide long-term 
containment heat removal (CFC*CDHR1). This sequence results in containment failure and a 
vulnerable core.  

Sequences T7-96 and T7-97. Same as sequences T7-94 and T7-95 except that early 
containment spray operation fails.  

Sequences T7-98 to T7-102. Same as sequences T7-93 to T7-97 except that random 
mechanical faults fail the recirculation system pumps (LHIR). The operator then uses the 
RHR for recirculation core cooling (/LHER).  

Sequence T7-103: T7*/C*/BI*HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV* 
PSGTR*/ODEP*/ACC*/LHI*/OLR*LHIR*LHER*/CFC. Same as T7-93 except that 
random mechanical faults fail both the recirculation and RHR systems (LHIR*LHER). With 
no low-head long-term core cooling, this sequence results in core damage and a vulnerable 
containment.  

Sequence T7-104: T7*/C*/BI*HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV* 
PSGTR*/ODEP*/ACC*/LHI*/OLR*LHIR*LHER*CFC*/CSS. Same as sequence T7-103 
except that the fan coolers fail to start on high containment pressure (CFC). Containment 
pressure control is then provided by the containment spray system (/CSS). This sequence 
results in core damage and a vulnerable containment.  

'Sequence T7-105: T7*/C*/BI*HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV* 
PSGTR*/ODEP*/ACC*/LHI*/OLR*LHIR*LHER*CFC*CSS. Same as sequence T7-103 
except that both the fan coolers and containment spray system fail to provide early 
containment pressure control (CFC*CSS). This sequence results in core damage and a 
vulnerable containment.  

Sequence T7-106: T7*/C*/BI*HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV* 
PSGTR*/ODEP*/ACC*/LHI*OLR/*CFC. Same as sequence T7-103 except that after 
RWST depletion, the operator fails to initiate low-head long-term recirculation core cooling in 
time (OLR). This sequence results in core damage and a vulnerable containment.  

Sequence T7-107: T7*/C*/BI*HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV* 
PSGTR*/ODEP*/ACC*/LHI*OLR*CFC*/CSS. Same as sequence T7-106 except that the 
fan coolers fail to start on high containment pressure (CFC). Containment pressure control is 
then provided by the containment spray system (/CSS). This sequence results in core damage 
and a vulnerable containment.
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* Sequence T7-108: T7*/C*/BI*HHI*/AFW*/SGISO*/ORCS*PRZRSPR*/PORV* 
PSGTR*/ODEP*/ACC*/LHI*OLR*CFC*CSS. Same as sequence T7-106 except that both 
the fan coolers and containment spray system fail. to provide early containment pressure 
control (CFC*CSS). This sequence results in core damage and a vulnerable containment.  

Sequences T7-109 to T7-111. Same as sequences T7-106 to T7-108 except that random 
mechanical faults fail low-head injection from the RHR pumps (LHI). With no other system 
available for core cooling, these sequences result in core damage and a vulnerable 
.containment.  

Sequences T7-112 to T7-114. Same as sequences T7-106 to T7-108 except that the 
accumulators fail to inject, leading to inadequate core cooling during RCS depressurization.  
These sequences result in core damage and a vulnerable containment.  

Sequences T7-115 to T7-117. Same as sequences T7-106 to T7-108 except that RCS 
depressurization to allow low-head recirculation core cooling fails (ODEP). These sequences 
result in core damage and a vulnerable containment.  

Sequence T7-118: T7*/C*/BI*HHI*/AFW*/SGISO*/ORCS*PRZRSPR*PORV. Same as 
sequence T7-91 except that random mechanical faults fail RCS depressurization (PRZRSPR* 
PORV). Unable to depressurize the RCS, low-head safety injection is precluded. This 

-sequence results in core damage and a vulnerable containment.  

;Sequence T7-119: T7*/C*/BI*HHI*/AFW*/SGISO*ORCS. Same as sequence T7-91 
t-except: that the operator fails to depressurize the RCS (ORCS). Combined with the SGTR, 
this causes the eventual depletion of the RWST inventory through the unisolated steam 
,generator. With the containment sumps bypassed, recirculation flow from the containment, 
sumps is not possible. This sequence results in core damage and a bypassed containment.  

Sequence T7-120: T7*/C*/B1 *HHI*/AFW*SGISO*/ODEP */ACC*/LHI*/RHR-SD. Same 
as sequence T7-91 except that random mechanical faults prevent isolation of the ruptured 
steam generator (SGISO). Subsequently, the operator initiates RCS cooldown and 
depressurization to reduce RCS pressure below that of the ruptured steam generator pressure.  
However, because the ruptured steam generator is not isolated, RCS cooldown continues and, 
with no HHSI available to restore lost RCS water inventory, core cooling is inadequate. To 
prevent core damage, the operator depressurizes the RCS (/ODEP) to allow low-head injection 
using RHR pumps (/LHI). Before low-head injection can occur, the accumulators inject into 
the RCS to ensure adequate core cooling (/ACC). Long-term cooling is established by 
aligning the RHR system for shutdown cooling (/RHR:-SD). This sequence results in a safe 
core and containment.  

Sequence T7-121: T7*/C*/BI*HHI*/AFW*SGISO*/ODEP*/ACC*/LHI*RHR-SD. Same 
as sequence T7-120 except that random mechanical faults fail shutdown cooling (RHR-SD).  
This sequence results in core damage and a vulnerable containment.
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Sequence T7-122: T7*/C*/BI*HHI*/AFW*SGISO*/ODEP*/ACC*LHI. Same as 
sequence T7-120 except that random mechanical faults fail the low-head injection pumps 
(LHI). With no long-term core cooling, this sequence results in core damage and a vulnerable 
containment.  

Sequence T7-123: T7*/C*/BI*HHI*/AFW*SGISO*/ODEP*ACC. Same as sequence T7
120 except that the accumulators fail to inject during RCS depressurization (ACC). This 
failure results in inadequate core cooling before the low-head pumps become available for 
core injection and, consequently, in core damage and a vulnerable containment.  

Sequence T7-124: T7*/C*/BI*HHI*/AFW*SGISO*ODEP. Same as sequence T7-120 
except that RCS depressurization fails (ODEP). This sequence results in core damage and a 
vulnerable containment.  

Sequence T7-125: T7*/C*/BI*HHI*AFW. A steam generator tube-rupture event occurs 
(T7), and the reactor scrams (/C). Offsite ac power to the 6.9-kV buses is available (/B1). At 
a 1720-psig pressurizer pressure, a safety injection actuation signal is given that initiates both 
high- and low-head safety injection pumps and the auxiliary feedwater system. However, 
both the -high-head and auxiliary feedwater systems fail (HHI*AFW). At this point, the 
frequency of the sequence is about 1 0 8/year, and any additional failures leading to core 
damage would result in a lower sequence frequency (<1 0 8/year). Therefore, the sequence was 

-not developed further.  

Sequences T7-126 to T7-250. Same as sequences T7-1 to T7-125 except that offsite ac 
power to the 6.9-kV buses is unavailable (B1). However, onsite ac power is established 
(/B2).  

-Sequence T7-251: T7*/C*BI *B2. A steam generator tube-rupture event occurs (T7) and the 
reactor scrams (/C). Subsequently, offsite and onsite ac power becomes unavailable (BI*B2).  
At this point the frequency of the sequence is <10-°/year. Therefore, the sequence was not 
developed further.  

Sequence T7-252: T7*C. A steam generator tube-rupture event (T7) occurs, creating 
conditions leading to a reactor scram. The control rods are not inserted into the core (C). At 
this point, the frequency of the sequence is about 10-7/year, and any additional failures leading 
to core damage would result in a lower sequence frequency (<1 0 8/year). Therefore, the 
sequence was not developed further.  

Sequences Initiated by an MSLB.  

Sequence TSGTR-I: TSGTR*/WRWST*/ORCS-MSLB*/RHR-SD. An MSLB occurs 
outside containment downstream of the main steam isolation valve. Depressurization of the 
corresponding steam generator results in high pressure differentials across the steam generator 
tubes and induces the rupture of steam generator tubes (TSGTR). To prevent a containment

3-110



* bypass LOCA, the operator will refill the RWST (/WRWST), manually reduce RCS pressure 
,and temperature (/ORCS-MSLB), and align RHR shutdown cooling to remove core decay heat 
and reduce RCS leakage into the ruptured steam generator-(/RHR-SD). This sequence results 
in a safe core and containment.  

Sequence TSGTR-2: TSGTR*/WRWST*/ORCS-MSLB*RHR-SD. Same as sequence 
TSGTR-1, except that random mechanical faults fail RHR shutdown cooling (RHR-SD).  
Although the RWST is being refilled, it will eventually empty. Without long-term 
recirculation core cooling, core damage and a vulnerable containment result.  

Sequence TSGTR-3: TSGTR*/WRWST*ORCS-MSLB. Same as sequence TSGTR-1, 
except that the operator fails to perform RCS cooldown and depressurization (ORCS-MSLB).  
Core damage and a vulnerable containment result.  

Sequences TSGTR-4 to TSGTR-6. Same as sequences TSGTR-1 to TSGTR-3, except that 
the operator fails to refill the RWST (WRWST).  

3.1.4.4 Support Systems 

Support systems were evaluated to ascertain whether their loss constitutes a special initiator..  
A support system failure is a special initiator if it results in a plant trip, and in consequences 

* not expected of LOCAs or other transients. If the consequences of a loss of support system 
are similar to those of a particular LOCA or transient, the loss of the support system was 
subsumed into that LOCA or transient and eliminated as a special initiator.  

The following support systems were reviewed to determine whether their loss would result in 

a plant trip: 

m Charging or letdown flow 

m Circulating water system (CWS) 

* Component cooling water system (CCW) 

m Critical area heating, ventilation and air conditioning (HVAC) 

m Instrument air system (IAS) 

* Service water system (SWS) 

* 11 8-Vac instrument buses 

m 125-Vdc buses
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m 480-Vac safeguard buses

m 6.9-kVac buses.  

The final safety-analysis report (FSAR), operating procedures, off-normal operating 
procedures, and scram reports were utilized in the review.  

Data on the support systems considered as special initiators and retained for further analysis 
are presented in Table 3.1.4.4. Data on the support systems eliminated from further 
consideration or not considered as special initiators are summarized in Table 3.1.4.5.  

Support System Evaluation.  

Charging or Letdown Flow. Upon loss of charging or letdown flow, off-normal 
operating procedure ONOP-CVCS-1 requires that the operator restore normal charging or 

.letdown flow if possible. Failure to do so may require a manual reactor scram to protect 
components (e.g., RCP seals). Loss of charging or letdown flow, therefore, has the same 
effect on the plant as a turbine trip with feedwater initially available. It can thus be 
considered as a T3 initiator.  

Circulating Water System (CWS). Loss of the CWS causes loss of condenser 
vacuum (among other potential degradations), as a result of diminished flow to the condenser 
waterboxes, and thus turbine trip. Loss of circulating water system flow therefore has the 
same effect on the plant as a loss of main feedwater and can therefore be considered as a T2 
initiator.  

Component Cooling Water (CCW) System. If not restored within 2 min., loss of 
the CCW system requires a manual reactor scram and RCP trip to limit RCP seal degradation 
and protect components such as the charging pumps.  

The CCW system provides cooling water to various primary-side components during normal 
plant operation and is required if adequate core cooling is to be achieved following a LOCA 
(Table 3.1.4.6). Because loss of component cooling water could cause a plant trip and the 
simultaneous degradation of safety systems, failure of the CCW system is considered to be a 
special initiator with the event designator TCCW.
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0
Table 3.1.4.4 

Support System Initiators

Support System Reactor Trip Event Category Frequency Comments- Reference 
(/yr) 

Component cooling water Yes (manual) Loss of CCW system - TCCW 3.98x104 Loss of CCW from header 32 requires manual reactor scram and RCP ONOP-CC-I 
trip. Loss of recirculation, RHR and SI pumps possible because of SOP-CC-IlB 
inadequate cooling water. Potential for RCP seal LOCA increases. DWG#

F-27513 
F-27203 

Service water Yes (manual) Loss of SWS - TSWS 2.05xl0 3  Loss of SWS has an effect similar to loss of CCW. In addition, with no ONOP-RW-I 
(Essential) service water available for the fan coolers and RIIR heat exchangers, DW(in
2.11x103  containment pressure control is lost. F--20333 
(Non
Essential) 

125-Vdc power panel 31 Yes Loss of 125-Vdc bus 31 - 5.OxIO3  Loss of 125-Vdc power panel 31 results in loss of dc distribution panels ONOP-IL-5 
TDC31 31, 31A and 33 and control power to 480-Vac safeguard bus 5A. Reactor DW(i#

trip SWGR 52/RTB and 52/BYA and subsequent resultant reactor scram F-30083 & 
617F644 

125-Vdc power panel 32 Yes Loss of 125-Vdc bus 32 - 5.0x10' Loss of 125-Vdc power panel 32 results in loss of dc distribution panels ONOP-EL-5 
TDC32 32, 32A and 34 and control power to 480-Vac safeguard bus 6A. Reactor DW(i#

trip SWGR 52/RTA and 52/BYB and subsequent resultant reactor scram. F-30083 & 
6171:644 

480-Vac bus 5A Yes (manual) Loss of 480-Vac safeguard bus 5.0x10' Loss of 480-Vac bus 5A results in loss of EDG 33, CS pump 31, SOP-RPC-8 
5A - TAC5A containment fan cooler units 31 and 33, SI pump 31, charging pump 31, 

-. recirculation pump 31, CCW pump 31, auxiliary CCW pumps 31 and 33 
(MCC-36A), SWS pumps 31, 34 and 37, MOV motive power from MCC
36A, MCC-38, MCC-39 and MCC-3 I1, and battery charger 3 1.  

480-Vac bus 6A Yes (manual) Loss of 480-Vac safeguard bus 5.0xi0 3  Loss of 480-Vac bus 6A results in loss of EDG 32, CS pump 32, SOP-RPC-8 
6A - TAC6A containment fan cooler unit 35, SI pump 33, recirculation pump 32, 

charging pump 33, CCW pump 33, AFW pump 33, RIIR pump 32, 
auxiliary CCW pumps 32 and 34 (MCC-36B), SWS pumps 33, 36 and 
39, motor-operated valve motive power from lCC-36B and MCC-37, and 

battery charger 32.  

Control building HVAC Yes Loss of switchgear room 8.0x105 Loss of switchgear room cooling fails multiple systems required for plant 
cooling - TSWGR shutdown.



Table 3.1.4.5 

Systems Eliminated

Support System
i 1

Reactor Trip Event Category Frequency 
(/yr)

Charging or Letdown Yes Turbine trip with main 5.Ox 102 
Flow feedwater Available (T3) I

Circulating Water Loss of main feedwater (T2) 5.Ox 102

Instrument air system Yes Loss of main feedwater (T2) 10"

Comments

Loss of charging or letdown flow may lead to reactor scram. I lowever, 
no safety-related systems are affected.  

Loss of circulating water system leads to loss of condenser vacuum and 
subsequent main boiler feed pump trip and reactor scram.  

Loss of instrument air leads to loss of main feedwater and subsequent reactor scram.

6.9-kVac bus I Yes Loss of main feedwater (T2) 5.0x10 -3  Loss of 6.9-kVac bus I results in trip of reactor coolant pum 
condensate pump 31 and circulating water pump 31. Reacto occurs with main feedwater unavailable.  

6.9-kVac bus 2 Yes Loss of main feedwater (T2) 5.Ox 10' Loss of 6.9-kVac bus 2 results in trip of reactor coolant pum condensate pump 32 and circulating water pump 33. Reacto 
occurs with main feedwater unavailable.  

6.9-kVac bus 3 Yes Loss of main feedwater (1I2) 5.Ox 10-1 Loss of 6.9-kVac bus 3 results in trip of reactor coolant pum 
circulating water pump 32. Reactor scram occurs with main 
unavailable.

6.9-kVac bus 4 Yes Loss of main feedwater (2) 5.0x10 3

p31, 
r scram 

p 34, 
r scram 

p 33, and 
feedwater

Loss of 6.9-kVac bus 4 results in trip of reactor coolant pump 32, 
condensate pump 33 and circulating water pump 36. Reactor scram 
occurs with main feedwater unavailable.

0

Reference

()NOP-CVCS- I
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Table 3.1.1.5 (continued) 

Systems Eliminated

Support System Reactor Trip Event Category Frequency Comments Reference 

118-Vac instrument bus 31 Yes Loss of main feedwater (T2) S.0x10 3  Loss of 118-Vac instrument bus 31 results in failure of some redundant ONOI'-EI-3 
safety-related instrumentation channels but does not affect the availability 
of systems required for safe shutdown. Rather, loss of the instrument bus 
will likely iesult in steam generator-steam flow/feed flow mismatch and 
subsequent reactor trip with a potential for inadvertent actuation of safety 
injection systems--the effect on the plant is the same as a turbine trip with 
loss of main feedwater. Therefore the loss of 118-Vac instrument buses 
can be considered as a T2 initiator.  

I I8-Vac instrument bus 32 Yes Loss of offsite power (TI) 5.0xlO 3  Losses of 118-Vac instrument buses 32 and 31 result in similar failures. ()NOP-El.-3 & 
However, loss of instrument bus 32'may also cause loss of offsitc power 6.9-kV Fault 
as a result of energizing the station 'transformer primary lockout relay Trc 
86/STP. This results in a loss of buses 5 and 6 and subsequent loss of 
offsite power.  

S18-Vac instrument bus 33 Yes Loss of main feedwater (T2) 5.0x10 J  Losses of I 18-Vac instrument buses 33 and 31 result in similar failures. ONO(I'-lL-3 

II8-Vac instrument bus 34 .Yes Loss of main feedwater (T2) 5.0xl0 3 Losses of I 18-Vac instrument buses 34 and 31 result in similar failures. ()NOP-I-3

7



Table 3.1.4.6 
Component Cooling Water Loads 

Reactor coolant pump seals 
Reactor coolant pump motor bearing heat exchanger 
High-head safety injection pumps 
Recirculation pumps 
Residual heat removal pumps 
Residual heat removal heat exchangers 
Auxiliary component cooling water pumps 
Charging pump oil cooler 
Nonregenerative heat exchanger 
Excess letdown heat exchanger 

Critical Area HVAC. HVAC systems provide air cooling throughout the plant (Table 
3.1.4.7). Each room was examined to identify potentially adverse effects of a loss of HVAC 
in the room on the functions of safety-related systems. Only in the control building 
switchgear room was the loss of HVAC found to increase the potential for reactor trip and 
degradation of safety-related systems. While loss of HVAC in the switchgear room has no 
immediate effect on the plant, as the room heats up, electrical components in the 480-Vac and 
125-Vdc power supplies degrade, resulting in a reactor scram. Subsequently, the time during 
which safety-related systems are available is limited. Therefore, loss of switchgear room 
cooling was considered as a special initiator with the event designator TSWGR because it 
could cause a plant trip and the simultaneous degradation of safety systems.  

Table 3.1.4.7 

Important HVAC Loads 

Emergency diesel generator rooms 
Primary auxiliary building (PAB) 
Control building (15- and 33-ft elevations) 
Auxiliary boiler feedpump building 
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Instrument Air System (IAS). Upon loss of IAS, off-normal operating procedure 
ONOP-IA- 1 requires the operator to restore the system within minutes or manually scram the 

reactor.  

While the IAS supplies air throughout the plant (Table 3.1.4.8), its loss does not adversely 

affect any safety system function because components required to support emergency 
operating conditions are designed to fail in a safe position or are provided with a back-up 
source of nitrogen. The loss of IAS, therefore, has the same effect on the plant as a loss of 
main feedwater. Accordingly, it can be considered as a T2 initiator.  

Table 3.1.4.8 

Important Instrument Air System Loads 
and Consequences of Loss of Instrument Air 

Pressurizer spray valves PCV-455A/B-;fail closed 

Seal return valves 261A/B/C/D--fail open 

Containment fan cooler unit SWS valves TCV- 1103, TCV- 1104 and TCV-1 105--fail open 

* EDG service water flow control valves FCV- 1176 and FCV- 1176A--fail open 

Aimospheric dump valves PCV- 1134, PCV- 1135, PCV- 1136, and PCV- 1137--fail closed 

Main feedwater regulator valves FCV-417, FCV-427, FCV-437, and FCV-447--fail 
closed 

AFW pumps 31 and 32 recirculation valves FCV-1 121 and FCV-1 123--fail closed 

AFW pump flow control valves FCV-405A/B/C/D and FCV-406A/B/C/D--fail open 

Service Water System. Upon loss of service water, off-normal operating procedure 
ONOP-RW-1 requires the operator to restore the service water if possible. A failure to 

restore this system will eventually require a manual reactor scram to protect such components 
as containment fan coolers.  

The service water system provides cooling water to both nuclear and conventional loads 
(Table 3.1.4.9). Since loss of service water could cause a plant trip and the simultaneous 
degradation of safety systems, it was considered as a special initiator with the event designator 
TSWS.
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Table 3.1.4.9

Service Water Loads 

Containment fan cooler units 
Containment fan cooler motor coolers 
Instrument air closed cooling water heat exchangers 
Feedwater pump and turbine lube oil coolers 
Main turbine lube oil coolers 
Service water pump strainer blow down 
Central control room air conditioner condensers 
Hydrogen- and air-side seal oil coolers 
Emergency diesel generators 
Component cooling water heat exchangers 
Steam generator blow down heat exchanger 
Turbine building closed, cooling water heat exchangers 
Circulating water pump seals and bearings 

118-Vac Instrument Buses. IP3 has eight instrument buses(31 to 34 and 3IA to-...  
34A), powered by static inverters (31 to 34) fed from the battery chargers or station batteries 
through dc distribution panels. In addition, instrument buses 31, 32, 33, and 34 aie provided 
with alternative power supplies from motor control centers MCC-34, MCC-33, MCC-39, and 
MCC-36B/C, respectively. A review of plant trips indicated that failure of a 118-Vac 
,instrument bus had resulted in a reactor trip. However, although loss of a single instrument 
bus fails some redundant safety-related instrumentation channels, it does not affect the 
availability of systems required for safe shutdown. Rather, loss of the instrument bus will 
likely result in a reactor trip with inadvertent actuation of safety injection systems--the effect 
on the plant is the same as a turbine trip with loss of main feedwater. Therefore the loss of 
118-Vac instrument buses can be considered as a T2 initiator.  

125-Vdc buses. IP3 has four dc power panels that provide control power to both 
safety and non-safety loads (Table 3.1.4.10). However, only a loss of dc power panel 31 or 
32 leads to a reactor scram and the simultaneous degradation of safety systems. Breaker 
control power from a power panel to the 480-Vac safeguard buses will be lost and hence all 
standby equipment can only be operated locally. Therefore, the failures of these panels are 
considered as special initiators with event designators TDC31 and TDC32.
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Table 3.1.4.10

125-Vdc Bus Power Panel Loads 

dc Bus 31 

Emergency diesel generator 33 
Containment spray pump 31 
Containment fan cooler units 31 and 33 
Safety injection pump 31 
Recirculation pump 31 
Charging pump 31 
Component cooling pump 31 
Service water pumps 31, 34 and 37 
Auxiliary feedwater pump 32 
Power-operated relief valve PCV-456 

dc Bus 32 

Emergency diesel generator 32 
Containment spray pump 32 
Containment fan cooler unit 35 
Safety injection pump 33 
RVcirculation pump 32 
Charging pump 33 
Component cooling pump 33 
Service water pumps 33, 36 and 39 
Auxiliary feedwater pump 33 
Residual heat removal pump 32 
Power-operated relief valve PCV-455C
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Table 3.1.4.10 (Continued)

125-Vdc Bus Power Panel Loads 

dc Bus 33 

Emergency diesel generator 31 
Containment fan cooler units 32 and 34 
Safety injection pump 32 
Charging pump 32 
Component cooling pump 32 
Service water pumps 32 and 35 
Auxiliary feedwater pump 31 
Residual heat removal pump 31 

dc Bus 34 

Static inverter 34 
Condensate polisher indoor switchgear 
Condensate polisher outdoor switchgear 

480-Vac Safeguard Buses. IP3 has four 480-Vac safeguard buses (2A, 3A, 5A, and 
6A) that supply power to safety-related equipment (Table 3.1.4.11). However, bus 2A and 
3A are counted procedurally as one bus. While loss of a single bus adversely affects safety
related systems, no immediate reactor scram results. However, plant technical specifications 
require the reactor to be placed in hot shutdown within 4 hours when either recirculation 
pump is declared inoperable upon loss of bus 5A or 6A. Loss of either bus 5A or 6A will 
result in plant shutdown and the simultaneous degradation of safety systems. Therefore, these 
power losses are considered special initiators with event designators TAC5A and TAC6A, 
respectively.
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Table 3.1.4.11

480-Vac Safeguard Loads 

Bus 5A Loads 

Emergency diesel generator 33 auxiliaries 
Containment spray pump 31 
Containment fan cooler units 31 and 33 
Safety injection pump 31 
Recirculation pump 31 
Charging pump 31 
Component cooling pump 31 
Auxiliary component cooling pumps 31 and 33 (MCC-36A) 
Service water pumps 31, 34, and 37 
Boric acid transfer pump 31 (MCC-36A) 

7 Hydrogen recombiner 32 (MCC-36A) 
Battery charger 31 
Standby battery charger 35 

Bus 6A Loads 

Emergency diesel generator 32 auxiliaries 
Containment spray pump 32 
Containment fan cooler unit 35 
Safety injection pump 33 
Recirculation pump 32 
Charging pump 33 
Component cooling pump 33 
Auxiliary feedwater pump 33 
Residual heat removal pump 32 
Auxiliary component cooling pumps 32 and 34 (MCC-36B) 
Service water pumps 33, 36, and 39 
Boric acid transfer pump 32 (MCC-36B) 
Hydrogen recombiner 32 (MCC-36B) 
Motor-operated valve motive power from MCC-36B and MCC-37 
Battery charger 32
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Table 3.1.4.11 (Continued)

Bus 2A Loads 

Emergency diesel generator 31 
Containment fan cooler unit 32 
Safety injection pump 32 
Component cooling pump 32 
Service water pump 32 
Motor-operated valve motive power from MCC-3 1, MCC-33, MCC-34, MCC-210, and 
MCC-36C 

Bus 3A Loads 

Emergency diesel generator 31 
.Containment fan cooler unit 34 

Charging pump 32 
Auxiliary feedwater pump 31 
Residual heat removal pump 31 
Service water pump 35 
Motor-operated valve motive power from MCC-32 and MCC-35 

6.9-kVac Buses 1/2/3/4. While loss of 6.9-kVac bus 1 does not adversely affect any 
safety-related systems, it will result in the tripping of reactor coolant pump 31 and the 
subsequent reactor scram. It will also trip condensate pump 31 and circulating water pump 
31. Because the main feedwater system will likely trip on a loss of condensate pump 31, loss 
of 6.9-kV bus 1 has the same effect on the plant as a loss of main feedwater (T2) initiator.  

Loss of 6.9-kVac buses 2, 3, or 4 has an effect similar to the loss of 6.9-kVac bus 1. These 
events were therefore also considered as T2 initiators.  

6.9-kVae Bus 5/6. Loss of 6.9-kVac bus 5 will result in a trip of circulating water 
pump 35 and loss of ac power to the 6.9-kV/480-Vac station service transformer. While this 
results in a plant power reduction and the start of an emergency diesel generator to provide 
power to bus 5A, no reactor scram occurs. Accordingly, the loss of 6.9-kVac bus 5 was not 
pursued further.  

Loss of 6.9-kVac bus 6 has an effect similar to the loss of 6.9-kVac bus 5 and accordingly 
was not developed further.
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Support System Initiator Assumptions

a Provided a reactor scram occurs, RCS pressure relief using the SRVs is not required for 
special initiators. However, RCS pressure may rise to the PORV setpoint, prompting 
PORV opening and subsequent reclosing (or isolation) to maintain RCS integrity.  

" The losses of a 480-Vac safeguard bus, a 125-Vdc bus power panel or a 118-Vac 
instrument bus were considered non-recoverable failures.  

* Given nonrecoverable faults in the CCW system and a subsequent failure to align the 
back-up city water supply to the charging pumps for RCP seal cooling, RCP seal LOCAs 
will result.  

" Failure to restore adequate RHR pump cooling within 24 hours will fail RHR pumps 31 
and 32. While the operator can align the back-up city water supply to RIR pump 31, 
RIR pump 32 has no alternative cooling supply.  

* A CCW system pipe break will cause both loss of the CCW system and failure of all 
three high-head safety injection pumps. Therefore, sequences initiated by CCW system 
hardware faults may differ from sequences initiated by a CCW system pipe break.  

" Provided that auxiliary feedwater and RCS integrity are maintained, late core cooling and 
containment heat removal are not required.  

" While a loss of a 125-Vdc power panel, a 480-Vac safeguard bus or switchgear room 
cooling has a potential for a RCP seal LOCA, the probability of these events is 
negligible. Therefore, RCP seal LOCA questions were not asked for accident 
progressions initiated by these events.  

Support System Success Criteria.  

Success criteria for the support system initiators (losses of CCW, SWS, 125-Vdc bus 31 and 
32 power panels, 480-Vac safeguard buses 5A and 6A, or switchgear room cooling) are 
presented in Tables 3.1.4.12 to 3.1.4.18, respectively. Because of the initiating events, fewer 
emergency core cooling system (ECCS), RHR, and AFW pumps will be available.
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Table 3.1.4.12 

Loss of Component Cooling Water System (TCCW) Success Criteria

Reactor Early Core RCS Early Containment Late Core Late Containment 
Subcriticality Cooling Integrity Overpressure Control3  Cooling Overpressure Control' 

A) [RPS] A) [I of 3 AFW pumps injecting into I of 4 steam A) [I of 3 A) 13 of 5 fan coolers in A) [I of 3 AFW pumps A) 13 of 5 fan coolers 
generators] charging their respective injecting into I of 4 in emergency 

or pumps for RCP emergency mode steam generators] mode operation 

B) [I of 3 HHSI pumps injecting into I of 4 RCS seal injection operation 

cold legs or and and and and 

B) [Iligh-head 2 of 3 essential 
2 of 2 PORVs opened] PORV reclosed 2 of 3 essential service recirculation from I of service walcr (if opened) water pumps] 3 IIIISI pumps and I pumpsl 

or RIIR pump injecting 
or into I of 4 RCS cold 

C) [I of 3 AFW pumps injecting into I of 4 steam legs] 4 

generators and B) II of 2 CSS pumps] 

I of 3 HHSI pumps injecting into I of 4 RCS 
cold legs]' 

or 

D) [I of 3 HHSI pumps injecting into I of 4 RCS 
cold legs and 2of 2 PORVs opened]' 

or 

E) [I of 2 LHSI pumps injecting into I of 4 RCS 
cold legs and 2 of 4 accumulators and 2 of 3 
AFW pumps and 2 of 4 steam generators 

J_ depressurized or 2 of 2 PORVs opened]' 

1. Success criteria based on RCP seal LOCA occurring.  

2. Recirculation and Residual Heat Removal systems have fewer pumps available to operate.

3. Required for sequences in which failure of secondary cooling occurs.



Table 3.1.4.13 

Loss of Essential Service Water (TESW) System Success Criteria

Reactor Early Core RCS Early Containment Late Core late Containment 

Subcriticality Cooling Integrity Overpressure Control3  Cooling Overpressure Control 

A) [RPS] A) [I of 3 AFW pumps injecting into I of 4 steam A) [I of 3 A) [I of 2 CSS pumps]' A) [i of 3 AFW pumps Late containment 
generators] charging injecting into I of 4 pressure control is 

or pumps for RCP steam generators] unavailable, because 
seal injection loss of SWS fails the 

B) [I of 3 HHSI pumps injecting into I of 4 RCS or fan coolers and the 

cold legs and RIIR heat exchanger 
and B) [lligh-head 

PORV reclosed recirculation from I of 

2 of 2 PORVs opened] (if opened) 3 III SI pumps and I 
RIIR pump injecting 

or into I of 4 RCS cold 
legs]2 

C) [I of 3 AFW pumps injecting into I of 4 steam 
generators 

and 

I of 3 HI IS! pumps injecting into I of 4 RCS 
cold legs]' 

or 

D) [I of 3 HHSI pumps injecting into I of 4 RCS 
cold legs and 2 of 2 PORVs opened]' 

or 

E) [I of 2 LHSI pumps injecting into I of 4 RCS 
cold legs and 2of 4 accumulators and 2 of 2 

PORVs opened]' 

Success criteria for loss of non-essential service water is similar to loss of component cooling water system success criteria.

Success criteria based on RCP seal LOCA occurring.  
Recirculation, Containment Fan Coolers and Residual Heat Removal systems have fewer pumps available to operate.  

Required for sequences in which failure of secondary cooling occurs.



Table 3.1.4.14 

Loss of 125v-dc Power Panel Bus 31 (TDC31) Success Criteria

Reactor Early Core Early Containment 

Subcriticality Cooling' RCS Overpressure Control" Late Core Late Containment 
Integrity' Cooling' Overpressure Control2 

A) [RPSi A) [I of 2 motor-driven AFW A) [I of 2 charging A [3 of 5 fan coolers in their A) II of 2 motor-driven AFW A) 12 of 2 non-essential 
pumps injecting into I of 4 pumps for RCPs respective emergency pumps injecting into I of 4 SWS pumps 
steam generators] seal injection mode operation]3  steam generatorsl 

anti 
or and or or 

i of 2 ((.'W punps to I 

B) [I of 2 motor-driven AFW PORV reclosed B) [I of I CSS pumps] B) [ltigh-head recirculation of 2 RIIR !lX i 
pumps injecting into I of 4 (if opened)] from I of 2 IlIlSI pumps 
steam generators and recirculation pump 32 wi, 

or injecting into I of 4 RCS 

and cold legs]2  Irecirculati,, rumip 31'!' 
B) [I of 2 CCW 

I of 2 high-head pumps pumps to RCP or 

injecting into I of 4 RCS thermal barrier 
cold legs] 2  C) flligh-head recirculation II of2 Ri I, puril, I 

and from I of 2 1111SI pumps 
and I of 2 RIIR pumps or 

PORV reclosed injecting into I of 4 RCS 
(if opened)] cold legs]2  B) 13 of 3 I-20 ,, 

ihcii resp: cilvt: 

energieI: i ilc 

and 

2 of 2 es:ential service 
water pumpsl' 

Auxiliary Feedwater pump 32, Safety injection pump 31, Recirculation pump 31, Service water pumps 31, 34 and 37, Component cooling pump 31, Containment spray pump 31 and 
Charging pump 31 are unavailable because of loss of dc bus 31 power panel.  

2. Required for sequences in which failure of a single PORV to reclose occurs.  

3. Containment fan cooler units 31 and 33 are unavailable because of loss of dc bus 31 power panel.
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Table 3.1.4.15 

Loss of 125v-dc Power Panel Bus 32 (TDC32) Success Criteria

Reactor Early Core RCS Early Containment 

Subcriticality Cooling' Integrity' Overpressure Control' Late Core Late Containment 
Cooling' Overpressure Control 2 

A) [RPS] A) [I of I motor-driven AFW A) [I of 2 charging A [3 of 4 Fan Coolers in A) [I of I motor-driven AFW A) 12 out of 2 non-essential 
pump or I steam-turbine- pumps for RCPs their respective emergency pump or I steam-turbine- SWS pumps 
driven AFW pump seal injection mode operation]' driven AFW pump 
injecting into I of 4 steam injecting into I of 4 steam and 
generators] and or generators] 

I out of 2 CCW pumps 
or PORV reclosed or to I out of 2 RIIR 

(if opened)] B) [I of I CSS pumps] IrIX 

B) [I of I motor-driven AFW B) [High-head recirculation 
pump or I steam- turbine- or from I of 2 H1IMl pumps and 
driven AFW pump and recirculation pump 31 
injecting into I of 4 steam B) [I of 2 CCW injecting into I of 4 RCS [recirculation pump 311' 
generators pumps to RCP cold legs]2 

thermal barrier or 

and or 
and IRIIR pump 31]' 

I of 2 high-head pumps C) [High-head recirculation 
injecting into I of 4 RCS PORV reclosed from I of 2 iiiSI pumps or 
cold legs]2  (if opened)] and RIIR pump 31 

injecting into I of 4 RCS B) 13 out of 4 Fan Coolers 
cold legs]' in their respective 

emergency mode 
operation 

and 

2 out of 2 essential 
service water pumps] 

Auxiliary Feedwater pump 33, Safety injection pump 33, Recirculation pump 32, Service water pumps 33, 36 and 39, Component cooling pump 33, Containment spray pump 32, Residual 

heat removal pump 32 and Charging pump 33 are unavailable because of loss of dc bus 32 power panel.  

2. Required for sequences in which failure of a single PORV to reclose occurs.  

3. Containment fan cooler unit 35 is unavailable because of loss of dc bus 32 power panel.



Table 3.1.4.16 

Loss of 480v-ac Safeguard Bus 5A (TAC5A) Success Criteria

A) [I of 2 motor-driven AFW 
pumps or I steam-turbine
driven AFW pump 
injecting into I of 4 steam 
generators] 

or 

B) [I of 2 HHSI pumps 
injecting into I of 4 RCS 
cold legs 

and 

2 of 2 PORVs opened]3

A) [I of 2 charging 
pumps for RCPs 
seal injection 

or 

B) [I of 2 CCW 
pumps to RCP 
thermal barrier

Early Containment 
Overpressure Control' 3  Late Core ILate Containment 

Cooling' Overpressure Controll

A [3 of 3 Fan Coolers in 
their respective emergency 
mode operation]' 

or 

B) [I of I CSS pumps]

A) [I of 2 motor-driven AFW 
pump or I steam-turbine
driven AFW pump 
injecting into I of 4 steam 
generators] 

or 

B) [ligh-head recirculation 
from I of 2 il1lSI pumps 
and recirculation pump 32 
injecting into I of 4 RCS 
cold legs]' 

or 

C) Iligh-head recirculation 
from I of 2 HIISI pumps 
and I of 2 RlIR pumps 
injecting into I of 4 RCS 
cold legs]'

A) 12 of 2 non- essential 
SWS pumps 

and 

I of 2 CCW pumps to 
I of 2 RIIR IITX] 

and 

Irecirculation iump 32]' 

11 of2 RIIM punpsl 

or 

11) 13 o! I an (:ooleg ii 
their rc,133LIV 

emcrgenLy hod" 
Opel lII 3 

a"nd 

2 of 2 essential scrv,.L.  
water pumps]4

I. Safety injection pump 31, Recirculation pump 31, Service water pumps 31, 34 and 37, Component cooling pump 31, Containment spray pump 31 and Charging pump 31 are unavailable 
because of loss of 480v ac safeguard bus SA.  

2. PORV demand not expected because RCS pressure at time of reactor shutdown is less than 2250 psia.  
3. Required for sequences in which failure of secondary cooling occurs.  
4. Containment fan cooler units 31 and 33 are unavailable because of loss of 480v ac safeguard bus 5A.

0

A) IRPSl
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Table 3.1.07 

Loss of 480v-ac Safeguard Bus 6A (TAC6A) Success Criteria

Reactor Early Core RCS Early Containment 

Subcriticality Cooling' Integrity'- Overpressure Control'" Late Core Late Containment 
Cooling' Overpressure Control' 

A) [RPS] A) [I of I motor-driven AFW A) [I of 2 charging A [3 of 4 Fan Coolers in A) 1I of I motor-driven AFW A) 12 of 2 non-essential 
pump or 1 steam-turbine- pumps for RCPs their respective emergency pump or I steam-turbine- SWS pumps 
driven AFW pump seal injection mode operation]' driven AFW pump 
injecting into I of 4 steam injecting into I of 4 steam and 
generators] or or generators] 

I of 2 CCW pumps to I 

or B) [I of 2 CCW B) [I of I CSS pumps] or of 2 RIIR llFX] 
pumps to RCP 
thermal barrier B) [High-head recirculation and 

B) I of 2 HHSI pumps from I of 2 IIHSI pumps 
injecting into I of 4 RCS and recirculation pump 31 frecirculation pump 31]' 
cold legs. injecting into I of 4 RCS 

cold legs]' or 
and 

or [RItR pump 311' 

2 of 2 PORVs opened]' C) [High-head recirculation or 
from I of 2 |llISI pumps 
and RHR pump 31 1) [3 of 4 Fan Coolers in 
injecting into I of 4 RCS their respective 
cold legs]' emergency mode 

operation 

and 

2 of 2 essential service 

water pumpsl' 

1. Auxiliary feedwater pump 33, Safety injection pump 33, Recirculation pump 32, Service water pumps 33, 36 and 39, Component cooling pump 33, Containment spray pump 32 and Charging 

pump 33 are unavailable because of loss of 480v ac safeguard bus 6A.  

2. PORV demand not expected because RCS pressure at time of reactor shutdown is less than 2250 psia.  

3. Required for sequences in which failure of secondary cooling occurs.  

4. Containment fan cooler unit 35 is unavailable because of loss of 480v ac safeguard bus 6A.



Table 3.1.4.18 

Loss of Switchgear Room Cooling Success Criteria

RCS 
Integrity

Early Containment Late Core I ate Containment
Early Containment 

Overpressure Control*
Late Core 
Cooling

____ I I I

A) [1 of 3 AFW pumps injecting 
into I of 4 steam generators] 

or 

B) [I of 3 HHSI pumps injecting 
into I of 4 RCS cold legs 

and 

2 of 2 PORVs opened]

A) [I of 3 charging 
pumps for RCPs 
seal injection 

and 

PORV reclosed 
(if opened)] 

or 

B) [I of 3CCW 
pumps to RCP 
thermal barrier 

and 

PORV reclosed 
(if opened)]

A) 13 of 5 Fan Coolers in their 
respective emergency mode 

operation 

and 

2 of 3 essential service 
water pumps] 

or 

B) 1I of 2 CSS pumps]

A) 11 of 3 AFW pumps 
injecting into I of 4 
steam gencratorsl 

or 

B) [iHigh-head 
recirculation from I of 

3 IHSI pumps and I 
of 2 recirculation 
pumps injecting into I 

of 4 RCS cold legs[" 

or 

C) [High-head 
recirculation from I of 
3 IIISI pumps and I 

of 2 RIIR pumps 
injecting into I of 4 
RCS cold legs]"

Lrate Containment 
Overpressure Control'

A) 12 of 3 non-essential SWS 
pumps 

and 

I of 3 CCW pumps to 
associated RIR IllTXl 

and the following 

I1 of 2 recirculation 
pumpsl 

II of 2 RIIR pumpsl

- Required for sequences in which failure of secondary cooling occurs.  

* .

Reactor 
Subcriticality

A [RPSl

Early Core 
Cooling



Sunnort System Event Trees.

The event trees for loss of component cooling and service water systems are shown in Figures 
3.1.4.5 and 3.1.4.6. The event trees for loss of 125-Vdc bus 31 and 32 power panels are 
shown in Figures 3.1.4.7 and 3.1.4.8. The event trees for loss of 480-Vac safeguard buses 5A 
and 6A are shown in Figures 3.1.4.9 and 3.1.4.10. The event tree for loss of switchgear room 
cooling is depicted in Figure 3.1.4.11. The top events shown in the event trees are defined as 
follows: 

Transient Initiator (TCCW). Loss of component cooling water system. Subsequently, the 
operator initiates a manual scram.  

Transient Initiator (TSWS). Loss of service water system. This event is classified as 
COMPLETE if there is a total loss of service water to both the essential and non-essential 
headers and as ESSENTIAL or NON-ESSENTIAL if there is a loss of service water to only 
the essential or non-essential header, respectively. Subsequently, plant technical specifications 
may dictate manual shutdown. The accident sequences initiated by'a loss of service water to 
the essential service water header are similar to those initiated by a total loss of service water.  
The only difference is that RCP seal leakage will not occur (because the non-essential header 
will provide cooling to the CCW heat exchangers, allowing continued CCW system operation 
and RCP seal cooling) and different standby equipment will be affected.  

Transient Initiator (TDC31). Loss of 125-Vdc bus 31 power panel. A reactor scram 
follows.  

Transient Initiator (TDC32). Loss of 125-Vdc bus 32 power panel. A reactor scram 
follows.  

Transient Initiator (TAC5A). Loss of 480-Vac safeguard bus 5A. Because the initiator 
results in the unavailability'of one of the two recirculation pumps, plant procedures direct the 
operator to place the reactor in a hot shutdown condition within 4 hours.  

Transient Initiator (TAC6A). Loss of 480-Vac safeguard bus 6A. Because the initiator 
results in the unavailability of one of the two recirculation pumps, plant procedures direct the 
operator to place the reactor in a hot shutdown condition within 4 hours.  

Transient Initiator (TSWGR). Loss of cooling in the switchgear room (i.e., to the 15 ft 
elevation of the control building). Because the initiator causes thermal degradation of 
electrical components, a reactor scram eventually occurs.  

RPS Scram (C). Success implies all control rods are inserted into the reactor core. Failure 
leads to an anticipated transient without scram (ATWS) event.  

Offsite ac Power Available (1). Success implies offsite ac power is available. Failure 
leads to a demand for onsite ac power.
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Figure 3.1.4.6 Loss of Service Water Event Tree (Page 1)
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Figure 3.1.4.9 Loss of 480-Vac Safeguard Bus 5A Event Tree (Page I)



ACCIDENT INITIATOR LATE CORE COOLING LATE CONTAINMENT PRESSURE CONTROL SEGUENCE OUTCOME OF 
NUMBER SEQUENCE 

LOSS OF 480-VAC OPERATOR INITIATES HIGH HEAD INTERNAL HIGH HEAD EXTERNAL CONTAINMENT DECAY HEAT CONTAINMENT DECAY HEAT 
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ACCIDENT INITIATOR LATE CORE COOLING LATE CONTAINMENT PRESSURE CONTROL SEQUENCE OUTCOME OF 
NUMBER SEQUENCE 
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Figure 3.1.4.10 Loss of 480-Vac Sa rd Bus 6A Event Tree (Page 2)
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ACCIDENT INITIATOR LATE CORE COOLING LATE CONTAINMENT PRESSURE CONTROL SEQUENCE OUTCOME OF 

NUMBER SEGUENCE 

LOSS OF SWITCHGEAR OPERATOR INITIATES HIGH HEAD INTERNAL HIGH HEAD EXTERNAL CONTAINMENT DECAY HEAT CONTAINMENT OECAY HEAT 
ROOM COOLING HIGH HEAD RECIRCULATION VIA RECIRCULATION VIA RHR REMOVAL VIA REMOVAL VIA RHR PUMPS 
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CV - CORE VULNERABLE STATE 

CtF - CONTAINMENT FAILURE 
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Figure 3.1.4.11 Loss of Switchgeak om Cooling Event Tree (Page 2)



Onsite ac Power Available (B2). Success implies onsite ac power is available. Failure leads 

to a plant station blackout event (SBO).  

Loss of CCW System (CCW). This event replicates the initiator but is included because 

pump/hardware faults lead to different accident progressions than do system pipe breaks. For 

this event, pump/hardware faults were characterized as a success; system pipe breaks were 

characterized as a failure.  

Pressurizer PORV Recloses After Opening During Transient (P). Success implies 

reclosure of open PORVs when RCS pressure drops below the closure setpoint. The failure 

of one or two PORVs to reclose is designated as a "P" event.  

Reactor Coolant Pump Seal LOCA Occurs (SLOCA). Success implies back-up city water 

flow is aligned within 30 minutes to restore charging pump cooling and maintain charging 
pump operation for RCP seal injection. Failure leads to RCP seal LOCAs.  

Room Cooling Restored to Switchgear Room (RC). Success implies restoration of 

adequate cooling to the switchgear room (control building 15 ft elevation). Without the 
restoration of room cooling, systems required for plant shutdown fail, resulting in core 
damage.  

Auxiliary Feedwater System Secondary Cooling (AFW). Success of AFW in removing 
core heat implies that a motor- or steam-turbine-driven pump provides feedwater to at least 
one steam generator.  

Auxiliary Feedwater Turbine-Driven Pump Secondary Cooling (AFWT). This event was 

considered in sequences initiated by a loss of switchgear room cooling. The initiator 
eventually causes a loss of the 480-Vac buses and the subsequent failure of AFW motor

driven pumps. Therefore, core heat removal during a loss of switchgear room cooling 
requires that the steam-turbine-driven AFW pump provide feedwater to at least one steam 
generator. Failure implies that switchgear room cooling must be restored to prevent core 
damage.  

Main Feedwater System (MFW). This event is considered in sequences in which loss of a 
480-Vac safeguard bus 5A or 6A and AFW secondary cooling failure occurs. Success implies 
that one main feedwater pump provides feedwater to at least one steam generator. Failure 
requires bleed-and-feed core cooling.  

Primary Bleed-and-Feed Cooling (FB). This event is considered in sequences in which 
AFW secondary cooling fails. Success implies the manual opening of the PORVs to reduce 

RCS pressure (bleed) and the injection of water via HHSI pumps for core cooling (feed).  

High-Head Safety Injection (HHI). This event is considered for sequences that entail bleed

and-feed operation, a stuck-open PORV, or a RCP seal LOCA. Success implies that at least 

W one pump injects water into at least one 2-in. RCS cold leg. Failure requires that alternative
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core cooling be established. 

Operator Depressurizes RCS for Low-Head Injection (ODEP). This event is considered in 

those sequences in which an RCP seal LOCA occurs, AFW operation succeeds and HHSI 

fails. Success implies the RCS is depressurized by steam generator secondary-side 

depressurization or opening PORVs. Depressurization allows low-head injection.  

Operator Initiates Low-Head Recirculation Flow (OLR). Success implies the manual 

initiation of long-term low-head recirculation-cooling using the eight-switch sequence.  

Operator Initiates High-Head Recirculation Flow (OHR). Success implies the manual 

initiation of long-term high-head recirculation cooling using the eight-switch sequence.  

Back-up City Water Cooling Provided to RHR Pump 31 (CWRHR). Success implies the 

alignment of the back-up city water cooling supply to RHR pump 31. Failure leads to 

inadequate RHR cooling and subsequent pump failure.  

Low-Head Safety Injection (LHI). Success implies that reactor cooling is provided by at 

least.one RHR pump in the LHSI mode injecting water into at least one 10-in. RCS cold leg.  

Failure requires that alternative core cooling be established.  

Low-Head Recirculation via Recirculation Pumps (LHIR) or RHR Pumps (LHER).  

Success implies that at least one recirculation pump (LHIR) or RHR pump (LHER) injects 

water into at least one 10-in. RCS cold leg to provide low-head long-term core cooling.  

High-Head Recirculation via Recirculation Pumps (HHIR) or RHR Pumps (HHER).  

Success implies that at least one recirculation pump (HHIR) or RHR pump (HHER) supplies 

water to the HHSI pump suction and into one 2-in. RCS cold leg to provide high-head 
long-term core cooling.  

Low-Head Recirculation via RHR Pump 31 (LHER'). Success implies that RHR pump 31 

injects water into at least one 10-in. RCS cold leg to provide low-head long-term core 
cooling.  

High-Head External Recirculation via RHR Pump 31 (HHER'). Success implies that 

RHR pump 31 supplies water to the HHSI pump suction and one 2-inch RCS cold leg.  

Containment Fan Coolers (CFC). Success of the fan coolers in containment decay heat 

removal implies the operation of at least three fan coolers in their emergency mode and of 

two essential service water pumps. Failure requires alternative methods for containment decay 

heat removal. Furthermore, loss of service water precludes long-term decay heat removal by 
the containment fan coolers.
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* -Containment Spray System (CSS). Success implies an adequate RWST inventory and the 
use of at least one containment spray pump to provide early containment decay heat removal.  
Containment spray operation can continue after RWST depletion if a portion of the long-term 
recirculation core cooling flow is diverted to the containment spray headers. However, loss of 
component cooling water precludes long-term decay heat removal by the RHR exchangers and 
thus the use of containment recirculation spray for containment pressure control.  

Transient Sequences.  

In defining a sequence, a slash (/) preceding an event designator indicates the event is a 
success. Asterisks (*) separate the event designators.  

Loss of Component Cooling Water System Sequences.  

Sequence TCCW-1: TCCW*/C*/BI*/CCW*/P*/SLOCA*/AFW. CCW system hardware 
faults (/CCW) cause a loss of component cooling water transient (TCCW). Plant procedures 
require a manual reactor trip. The reactor scrams (/C). Offsite ac"power to the 6.9-kV buses 
i,.s available (/B1). The pressurizer PORVs reclose, if opened (/P). To prevent RCP seal 
degradation following the loss of component cooling to the RCP seals and charging pumps,, 
the operator aligns the city water back-up cooling supply to the charging pumps, restoring 

,.charging pump seal injection flow to the RCP seals (/SLOCA). Because plant EOPs require 
* that the main feedwater system be tripped, steam generator water levels fall until a low-low 
.steam generator water level is reached. This initiates the AFW system and provides core 
.decay heat removal through the steam generators (/AFW). Continued AFW operation allows 
eventual hot shutdown. A safe core and containment result.  

!Sequence TCCW-2: TCCW*/C*/B1*/CCW*/P*/SLOCA*AFW*/HHI*/FB*/OHR* 
/CWRHR*/IIHER'*/CFC. Same as sequence TCCW-1 except that the AFW system fails to 
remove core decay heat through the steam generators (AFW). Because RCS pressure remains 
above the high-head safety injection system pump shut-off head, 'the operator opens all 
PORVs, effectively inducing an RCS LOCA. As RCS water inventory decreases, RCS 
pressure falls enough to allow high-head safety injection system core cooling (/HHI) and RCS 
bleed-and-feed operation (/FB). Subsequently, with containment pressure increasing because 
of PORV opening, the fan coolers start in their emergency mode of operation to provide 
.containment overpressure control (/CFC). With continued bleed-and-feed operation, the RCS 
pressure remains above the RHR pump shut-off head, and the RHR system cannot be used for 
shutdown cooling. Accordingly, the operator initiates high-head long-term cold-leg 
recirculation after RWST depletion (/OHR). While the initiating event, the loss of component 
cooling water, causes the recirculation system pumps to be unavailable for long-term core 
cooling, both RHR pumps are initially available. To ensure continued long-term core cooling, 

.the operator aligns the back-up city water cooling supply to RHR pump 31 
(/CWRHR*/HHER'). A safe core and containment result.
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Sequence TCCW-3: TCCW*/C*/BI*/CCW*/P*/SLOCA*AFW*/HHI*/FB*/OHR* 
/CWRHR*/HHER'*CFC*/CSS. Same as sequence TCCW-2 except that the fan coolers fail 
to start on high containment pressure (CFC). The containment spray system (/CSS) then 
initiates when containment pressure reaches 22 psig. However, upon RWST depletion, no 
effective means of containment heat removal exists because component cooling water is used 
as a heat sink during RHR heat exchanger operation. This sequence results in containment 
failure and a vulnerable core.  

Sequence TCCW-4: TCCW*/C*/BI*/CCW*/P*/SLOCA*AFW*/HHI*/FB'*OHR * 

/CWRHR*/HHER'*CFC*CSS. Same as sequence TCCW-3 except that early containment 
spray operation fails. Containment failure and a vulnerable core result.  

Sequences TCCW-5 to TCCW-7. Same as sequences TCCW-2 to TCCW-4 except that 
random mechanical faults fail RHR pump 31 (HHER'). These sequences result in core 
damage and a vulnerable containment.  

Sequences TCCW-8 to TCCW-10. Same as sequences TCCW-2 to TCCW-4 except that 
alignment of the city water back-up cooling supply to RHR pump 31 fails (CWRHR). With 
no long-term core cooling,, these sequences result in core damage and a vulnerable 
containment.  

Sequences TCCW-11 to TCCW-13. Same as sequences TCCW-2 to TCCW-4 except that, 
after RWST depletion, the operator fails to initiate high-head long-term recirculation core 
cooling in time (OHR). These sequences result in core damage and a vulnerable containment.  

Sequence TCCW-14: TCCW*/C*/BI*/CCW*/P*/SLOCA*AFW*FB*/CFC. Same as 
sequence TCCW-2 except that the PORVs fail to open when the operator attempts to establish 
bleed-and-feed operation (FB). This prevents operation of the high-head safety injection 
system and, unable to depressurize the RCS, low-head safety injection is precluded. This 
sequence results in core damage and a vulnerable containment.  

Sequence TCCW-15: TCCW*/C*/BI*/CCW*/P*/SLOCA*AFW*FB*CFC*/CSS. Same 
as sequence TCCW-14 except that the fan coolers fail to start (CFC) on high containment 
pressure. Containment pressure control is then provided by the containment spray system 
(/CSS). This sequence results in core damage and a vulnerable containment.  

Sequence TCCW-16: TCCW*/C*/BI*/CCW*/P*/SLOCA*AFW*FB*CFC*CSS. Same as 
sequence TCCW-14 except that both the fan coolers and containment spray system fail to 
provide early containment pressure control (CFC*CSS). This sequence results in core damage 
and a vulnerable containment.  

Sequences TCCW-17 to TCCW-19. Same as sequences TCCW-14 to TCCW-16 except that 
bleed-and-feed operation is precluded because high-head safety injection fails (HHI). Unable 
to depressurize the RCS for low-head injection, RCS boil-off occurs at the PORV setpoint.

3-148



These sequences result in core damage and a vulnerable containment.

Sequences TCCW-20 to TCCW-31. Same as sequences TCCW-2 to TCCW-13, except'that 
auxiliary feedwater is available for secondary heat removal (/AFW) but alignment of back-up 
city water cooling supply to the charging pumps fails. With loss of component cooling water 

,and no charging pump flow to the RCP seals, seal degradation and RCP seal LOCAs occur 
(SLOCA).  

Sequence TCCW-32: TCCW*/C*/BI*/CCW*/P*SLOCA*/AFW*HHI*/ODEP*/LHI*/ 
OLR*/CWRHR*/LHER'*/CFC. Same as sequence TCCW-1 except that alignment of the 
city water back-up cooling supply to the charging pumps fails. With loss of component 
cooling water and no charging pump flow to the RCP seals, seal degradation and RCP seal 
LOCAs occur (SLOCA). Subsequently, random mechanical faults fail the high-head safety 
injection system (HHI). The operator then cools down and depressurizes the RCS (/ODEP).  
Following RCS depressurization, core cooling is provided by the LHSI system (/LHI). Upon 
RWST depletion, the operator initiates long-term cold-leg recirculation (/OLR). While loss of 
component cooling water precludes the use of the recirculation system pumps for long-term 

core cooling, both RHR pumps are initially available. To ensure continued long-term core 
cooling, the operator aligns the back-up city water cooling supply to RHR pump 31 
(/CWRHR*/LHER'). This sequence results in a safe core and containment.  

Sequence TCCW-33: TCCW*/C*/BI*/CCW*/P*SLOCA*/AFW*HHI*/ODEP*ILHI* 
I/OLR*/CWRHR*/LHER'*CFC*/CSS. Same as sequence TCCW-32 except that the fan 
coolers' fail to start on high containment pressure (CFC). Containment pressure control is then 

provided by the containment spray system (/CSS). However, upon RWST depletion, 
containment pressure cannot be controlled. This sequence results in containment failure and a 
_ulner'ble core.  

Sequence TCCW-34: TCCW*/C*/B1*/CCW*/P*SLOCA*/AFW*HHI*/ODEP*LHI* 
/OLR*/CWRHR*/LHER'*CFC*CSS. Same as sequence TCCW"32 except that both the fan 
coolers and containment spray system fail to provide early containment pressure control 
(CFC*CSS). Containment failure and a vulnerable core result.  

Sequences TCCW-35 to TCCW-37. Same as sequences TCCW-32 to TCCW-34 except that 
random mechanical faults fail RHR pump 31 (LHER'). These sequences result in core 
damage and a vulnerable containment.  

Sequences TCCW-38 to TCCW-40. Same as sequences TCCW-32 to TCCW-34 except that 
the city water back-up cooling supply to RHR pump 31 is not aligned (CWRHR). With no 
'long-term core cooling, core damage and a vulnerable containment result.  

.Sequences TCCW-41 to TCCW-43. Same as sequences TCCW-32 to TCCW-34 except 
that, after RWST depletion, the operator fails to initiate long-term recirculation core cooling 
in time (OLR). These sequences result in' core damage and a vulnerable containment.  

0 
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Sequences TCCW-44 to TCCW-46. Same as sequences TCCW-32 to TCCW-34 except that 

random mechanical faults fail LHSI (LHI). The failure of initial core injection precludes 

operation of both recirculation and RHR systems, because the water levels in the recirculation 

and containment sumps are too low to support recirculation core cooling. These sequences 

result in core damage and a vulnerable containment.  

Sequences TCCW-47 to TCCW-49. Same as sequences TCCW-32 to TCCW-34 except that 

RCS depressurization fails (ODEP). With no initial core cooling, core damage and a 

vulnerable containment result.  

Sequences TCCW-50 to TCCW-67. Same as sequences TCCW-2 to TCCW-19 except that 

alignment of back-up city water cooling supply to the charging pumps fails. With loss of 

component cooling water and no charging pump flow to the RCP seals, seal degradation and 

RCP seal LOCAs occur (SLOCA).  

Sequences TCCW-68 to TCCW-115. Same as sequences TCCW-20 to TCCW-67 except 

that a single PORV fails to reclose, causing a breach in RCS integrity.  

Sequences TCCW-116 to TCCW-163. Same as sequences TCCW-68 to TCCW-115, except 

that a RCP seal LOCA occurs in addition to the stuck-open PORV.  

Sequence TCCW-164: TCCW*/C*/BI*CCW*/P*/SLOCA*/AFW. Same as sequence 

'TCCW-1 except that the loss of component cooling water is caused by a system pipe rupture 

(CCW). After the main feedwater trip, the AFW system removes core decay heat through the 

steam generators (/AFW). Subsequently, continued AFW operation provides reactor core 

cooling and eventual hot shutdown. This sequence results in a safe core and containment.  

Sequence TCCW-165: TCCW*/C*/BI*CCW*/P*/SLOCA*AFW*/CFC. Same-as 

sequence TCCW-164 except that random mechanical faults fail the auxiliary feedwater system 

(AFW). RCS pressures remain above the high-head safety injection system pump shut-off 

head and bleed-and-feed core cooling is required. However, loss of component cooling water 

results in inadequate cooling of the HHSI pumps. High-head safety injection fails within 

minutes. Unable to reduce RCS pressure for low-head injection, RCS boil-off occurs at the 

PORV setpoint. This sequence results in core damage and a vulnerable containment.  

Sequence TCCW-166: TCCW*/C*/BI*CCW*/P*/SLOCA*AFW*CFC*/CSS. Same as 

sequence TCCW-165 except that random mechanical faults fail the containment fan coolers 

(CFC). Early containment overpressure control is provided by the containment spray system 

(/CSS) when containment pressure exceeds 22 psig. This sequence results in core damage and 

a vulnerable containment.  

Sequence TCCW-167: TCCW*/C*/BI*CCW*/P*/SLOCA*AFW*CFC*CSS. Same as 

sequence TCCW-165 except that both containment fan coolers and sprays fail to provide early 

containment pressure control (CFC*CSS). This sequence results in core damage and a
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O vulnerable containment.  

Sequences TCCW-168 to TCCW-185. Same-as sequences TCCW-32 to TCCW-49 except 
that a pipe break in the component cooling water system causes loss of component cooling 
Water and subsequent high-head safety injection failure (CCW*HHI).  

Sequences TCCW-186 to TCCW-188. Same as sequences TCCW-165 to TCCW-167 except 
that the attempt to align the city water back-up cooling supply to the charging pumps fails, 
and seal degradation and RCP seal LOCAs occur (SLOCA).  

Sequences TCCW-189 to TCCW-213. Same as sequences TCCW-154 to TCCW-188, 
except that a single PORV fails to reclose (P).  

Sequence TCCW-214: TCCW*/C*B1. A loss of component cooling water transient 
(TCCW) occurs. A manual reactor trip is required and the reactor scrams (/C).  
Subsequently, offsite ac power to the 6.9-kV buses is unavailable (B1). At this point the 
sequence frequency is <10 8/year, and additional failures leading to" core damage would result 
in still lower frequencies. Therefore, the sequence was not developed further.  

Sequence TCCW-215: TCCW*C. A loss of component cooling water transient (TCCW) 
occurs, requiring a manual reactor trip. The control rods are not inserted into the core (C)., 
.At this point, the sequence frequency is -10 8/year, and any additional failures leading to core 
damage would result in a lower frequency. Therefore, the sequence was not developed 
further.  

Loss of Service Water System Sequences.  

Sequence TSWS-1: TSWS*COMPLETE*/C*/B1*/P*/SLOCA*/AFW. A total loss of 
service water transient occurs (TSWS*COMPLETE) leading to a manual reactor trip. The 
reactor scrams (/C). Offsite ac power to the 6.9-kV buses is available (/B1). The pressurizer 
PORVs reclose if opened (/P). With loss of service water, the component cooling water 
system heats up. To prevent RCP seal degradation, the city water back-up cooling supply is 
aligned to the charging pumps, restoring charging pump seal injection flow to the RCP seals 
and preventing seal degradation (/SLOCA). After the main feedwater trip (dictated by plant 
EOPs), steam generator water levels fall until a low-low steam generator water level is 
reached. The AFW system initiates and removes core decay heat through the steam 
generators (/AFW). Continued AFW system operation provides reactor core cooling and 
eventual hot shutdown. This sequence results in a safe core and containment.  

Sequence TSWS-2: TSWS*COMPLETE*/C*/1B1 */P*/SLOCA*AFW*/HHI*/FB* 
/CSS*/OHR*/CWRHR*/HHER'. Same as sequence,.TSWS-1 except that the AFW system 
fails to remove core decay heat through the steam generators (AFW). RCS pressures rise 
above the high-head safety injection system pump shut-off head. The operator opens all 
PORVs, effectively inducing a RCS LOCA. As RCS water inventory decreases, RCS
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pressure falls enough to allow high-head safety injection system core cooling (/HHI) and RCS 
bleed-and-feed operation (/FB). Continued bleed-and-feed operation is followed by high-head 
long-term cold-leg recirculation after RWST depletion (/OHR). Because the initiating event, 
the loss of service water, causes component cooling system degradation, the recirculation 
system pumps are unavailable for long-term core cooling. However, both RHR pumps are 
initially available. The operator ensures continued long-term core cooling via the RHR pumps 
by aligning the city water back-up cooling supply to RHR pump 31 (/CWRHR*/HHER').  
Subsequently, with containment pressure increasing because of PORV opening, the fan coolers 
and containment spray start to provide containment overpressure control (/CSS). However, 
because the loss of service water precludes heat removal by both the fan coolers and RHR 
heat exchangers, containment failure and a vulnerable core result.  

Sequence TSWS-3: TSWS*COMPLETE*/C*/BI*/P*/SLOCA*AFW*/HHI*/FB* 
/CSS*/OHR*/CWRHR*HHER'. Same as sequence TSWS-2 except that random mechanical 
faults fail RHR pump 31 (HHER'). This sequence results in core damage and a vulnerable 
containment.  

Sequence TSWS-4: TSWS*COMPLETE*/C*/BI*/P*/SLOCA*AFW*/HHI*/FB* 
/CSS*/OHR*CWRHR. Same as sequence TSWS-2 except that alignment of back-up city 
water cooling supply to RHR pump 31 fails (CWRHR). With no long-term core cooling, core 

,damage and a vulnerable containment result.  

Sequence TSWS-5: TSWS *COMPLETE*/C */B1 */P */SLOCA*AFW*/HHI*/FB*
/CSS*OHR. Same as sequence TSWS-2 except that, after RWST depletion, the operator fails W 
to initiate high-head long-term recirculation core cooling in time (OHR). Core damage and a 
vulnerable containment result.  

Sequences TSWS-6 to TSWS-9. Same as sequences TSWS-2 to TSWS-5, except-that 
random mechanical faults fail the containment spray system (CSS). These sequences result in 
containment failure and a vulnerable core.  

Sequence TSWS-10: TSWS*COMPLETE*/C*/BI*/P*/SLOCA*AFW*/HHI*FB* 
/CSS. Same as sequence TSWS-2 except that the PORVs fail to open when the operator 
attempts to establish bleed-and-feed operation (FB). This failure prevents operation of the 
high-head safety injection system. Unable to depressurize the RCS, low-head safety injection 
is impossible. Core damage and a vulnerable containment result.  

Sequence TSWS-11: TSWS*COMPLETE*/C*/BI*/P*/SLOCA*AFW*/HHI*FB* 
CSS. Same as sequence TSWS-10 except that the containment spray system fails (CSS).  
This sequence result in core damage and a vulnerable containment.  

Sequence TSWS-12: TSWS*COMPLETE*/C*/BI*/P*/SLOCA*AFW*HHI*/CSS. Same 
as TSWS-2 except that bleed-and-feed operation is precluded because high-head safety 
injection fails (HHI). Unable to depressurize the RCS for low-head injection, RCS boil-off
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occurs at the PORV setpoint. Core damage and a-vulnerable containment result.

Sequence TSWS-13: TSWS*COMPLETE*/C*/BI*/P*/SLOCA*AFW*HHI*CSS. Same 
as sequence TSWS-12 except that the containment spray system fails (CSS). This sequence 
results in core damage and a vulnerable containment.  

Sequence TSWS-14: TSWS*COMPLETE*/C*/BI*/P*SLOCA*/AFW*/HHI*/CSS* 
/OLR*/CWRHR*/HHER'. Same as sequence TSWS-1 except that alignment of city water 
back-up cooling supply to the charging pumps fails. Without component cooling water and 
charging pump flow to the RCP seals, seal degradation and RCP seal LOCAs occur 
(SLOCA). With the AFW system removing core decay-heat through the steam generators 
(/AFW), high-head safety injection is used for core cooling (/HHI). After RWST inventory 
depletion, preparations are made for long-term recirculation cooling (/OHR). Because the loss 
of service water renders the recirculation system pumps inoperable, the operator uses the RHR 
pumps for long-term core cooling. To ensure continued long-term core cooling via the RHR 
pumps, the operator aligns the back-up city water cooling supply to RHR pump 31 
(/CWRHR*/HHER'). With containment pressure increasing because of the RCP seal LOCAs, 
the fan coolers and containment spray start to provide containment overpressure control 
(/CSS). However, the loss of service water eliminates heat removal by both the fan coolers, 
and RHR heat exchangers. Containment failure and a vulnerable core result.  

Sequence TSWS-15: TSWS*COMPLETE*/C*/BI*/P*SLOCA*/AFW*/HHI*/CSS* 
/OHR*/CWRHR*HHER'. Same as sequence TSWS-14 except that random mechanical 
faults fail RHR pump 31 (HHER'). This sequence results in core damage and a vulnerable 
containment.  

Sequence TSWS-16: TSWS*COMPLETE*/C*/BI*/P*SLOCA*/AFW*/HHI*/CSS* 
/OHR*CWRHR. Same as sequence TSWS-14 except that alignment of back-up city water 
cooling supply to RHR pump 31 fails (CWRHR). Without long-term core cooling, core 
damage and a vulnerable containment result.  

Sequence TSWS-17: TSWS*COMPLETE*/C*/BI*/P*SLOCA*/AFW*/HHI*/CSS*OHR.  
Same as sequence TSWS-14 except that, after RWST depletion, the operator fails to initiate 
long-term recirculation core cooling in time (OHR). Core damage and a vulnerable 
containment result.  

Sequences TSWS-18 to TSWS-21. Same as sequences TSWS-14 to TSWS-17 except that 
random mechanical faults fail the containment spray system (CSS). These sequences result in 
containment failure and a vulnerable core.  

Sequence TSWS-22: TSWS*COMPLETE*/C*/B1 */P *SLOCA*/AFW*HHI*/CSS* 
/ODEP*/LHI*/OLR*/CWRHR*/LHER'. Same as sequence TSWS-14 except that random 
mechanical faults fail high-head safety injection (HHI):- Subsequently, the operator cools 
down and depressurizes the RCS (/ODEP)' After RCS depressurization, core cooling is
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provided by the LHSI system (/LHI). Upon RWST depletion, the operator initiates long-term 
*cold-leg recirculation (/OLR). While the loss of the service water system causes the W 
recirculation system pumps to be unavailable for long-term core cooling, both RHR pumps are 
initially available. To ensure continued long-term core cooling, the operator aligns the back
:up city water cooling supply to RHR pump 31 (/CWRHR*/LHER'). Because loss of the 
service, water system precludes heat removal by both the fan coolers and RHR heat 
exchangers, containment failure and a vulnerable core result.  

Sequence TSWS-23: TSWS*COMPLETE*/C*/B1 */P*SLOCA*/AFW*HHI*/CSS* 
/ODEP*/LHI*/OLR*/CWRHR*LHER'. Same as sequence TSWS-22 except that random 
mechanical faults fail RHR pump 31 (LHER'). Core damage and a vulnerable containment 
result.  

Sequence TSWS-24: TSWS*COMPLETE*/C*/BI */P*SLOCA*/AFW*HHI*/CSS* 
/ODEP*/LHI*/OLR*CWRHR. Same as sequence TSWS-22 except that alignment of back
up city water cooling supplyto RHR pump 31 fails (CWRHR). Without long-term core 

, cooling, coredamage and a vulnerable containment result.  

Sequence TSWS-25: TSWS*COMPLETE*/C*/BI*/P*SLOCA*/AFW*HHI*/CSS* 
/ODEP*/LHI*OLR. Same as sequence TSWS-22 except that, after RWST depletion, the 
operator fails to initiate long-term recirculation core cooling in time (OLR). This sequence 

-results in core damage and a vulnerable containment.  

Sequence TSWS-26: TSWS*COMPLETE*/C*/BI*/P*SLOCA*/AFW*HHI*/CSS* 
•/ODEP*LHI. Same as sequence TSWS-22 except that random mechanical faults fail LHSI 
(LHI). Failure of initial core injection precludes operation of both recirculation and RHR 
systems--the water levels in the recirculation and containment sumps are too low to support 
recirculation core cooling. This sequence results in core damage and a vulnerable 
containment.  

Sequence TSWS-27: TSWS*COMPLETE/C*/BI*/P*SLOCA*/AFW*HHI*.  
/CSS*/ODEP. Same as sequence TSWS-22 except that RCS depressurization fails (ODEP).  
With no initial core cooling, core damage and a vulnerable containment result.  

Sequences TSWS-28 to TSWS-33. Same as sequences TSWS-22 to TSWS-27 except that 
random mechanical faults fail containment spray system (CSS). These sequences result in 
containment failure and a vulnerable core.  

Sequences TSWS-34 to TSWS-45. Same as sequences TSWS-2 to TSWS-13, except that 
alignment of back-up city water cooling supply to the charging pumps fails. With degraded 
component cooling water and charging pump flow to the RCP seals, seal degradation and 
RCP seal LOCAs occur (SLOCA).
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I Sequences TSWS-46 to TSWS-77. Same as sequences TSWS-14 to TSWS-45 except that a 
single PORV fails to reclose (P).  

.Sequence TSWS-78: TSWS*COMPLETE*/C*B1. A total loss of service water transient 
occurs (TSWS*COMPLETE), followed by a manual reactor trip. The reactor scrams (/C).  
Subsequently, offsite ac power to the 6.9-kV buses is lost (B1). The total loss of service 
water prevents the emergency diesel generators from providing onsite ac power. Therefore, 
this sequence transfers to the station blackout event tree for further development.  

Sequence TSWS-79: TSWS*COMPLETE*C. A total loss of service water transient occurs 
(TSWS*COMPLETE), and a manual reactor trip is required. The control rods are not 
inserted into the core (C). At this point, the sequence frequency is -10 8/year, and any 
additional failures leading to core damage would result in a still lower sequence frequency.  
Therefore, the sequence was not developed further.  

Sequence TSWS-80: TSWS*NON-ESSENTIAL. A loss of non-essential service water 
transient occurs (TSWS*NON-ESSENTIAL). Because this event is similar to a loss of 
.component cooling water initiator, this sequence is transferred to the TCCW event tree for 
further development.  

Sequences initiated by TSWS*ESSENTIAL. Sequences initiated by a loss of essential 
service water transient (TSWS*ESSENTIAL) are similar to those initiated by a total loss of 

, service water transient (sequences TSWS-1 to TSWS-79) except that RCP seal LOCAs will 
not occur and different standby equipment will be affected.  

Loss of 125-Vdc Power Panel 31 Sequences.  

Sequence TDC31-1: TDC31*/C*/B1*/P*/AFW. A loss of dc bus 31 power panel occurs 
(TDC3 1), followed by a reactor scram. The control rods are inserted into the core (/C). AC 
power to the 6.9-kV buses is available (/B1). The pressurizer PORVs reclose, if opened (/P).  
With main feedwater tripped (as dictated by EOPs), steam generator water levels fall until a 
low-low steam generator water level is reached. The AFW system then initiates and removes 
core decay heat through the steam generators (/AFW). Subsequently, continued AFW 
operation provides reactor core cooling and eventual hot shutdown. This sequence results in a 
safe core and containment.  

.Sequence TDC31-2: TDC31*/C*/B1*/P*AFW*/CFC. Same as sequence TDC31-1 except 
-that the AFW system fails to remove core decay heat through the steam generators (AFW).  
1RCS boil-off ensues. With RCS pressure above the high-head safety injection pump shut-off 
head, the operator attempts to initiate bleed-and-feed core cooling, but, because the loss of the 
125-Vdc bus 31 power panel (the initiator) fails a PORV (PCV-456), bleed-and-feed core 
cooling with high-head safety injection is precluded. Unable to depressurize the RCS for low
head injection, RCS boil-off continues at the PORV setpoint. Early containment overpressure 

AOL control is provided by the fan coolers (CFC). Core damage and a vulnerable containment
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result.

Sequence TDC31-3: TDC31*/C*/BI*/P*AFW*CFC*/CSS. Same as sequence TDC31-2 
except that random mechanical faults fail the containment fan coolers (CFC). Early 
containment-overpressure-control is provided by the containment spray system (/CSS) once 
containment pressure exceeds 22 psig. This sequence results in core damage and a vulnerable 
containment.  

Sequence TDC31-4: TDC31*-/C*/BI*/P*AFW*CFC*CSS. Same as sequence TDC31-2 
except that both the fan coolers and containment spray system fail to provide early
containment pressure control (CFC*CSS). This sequence results in core damage and a 
vulnerable containment.  

Sequence TDC31-5: TDC31*/C*/BI*P*/AFW. Same as sequence TDC31-1 except that 
one PORV fails to reclose after the pressurizer PORVs open to relieve RCS pressure (P).  
This failure causes a breach in RCS integrity and loss of RCS water inventory. With main 
feedwater tripped, the AFW system initiates on low-low steam generator water level and 
removes core decay heat through the steam generators (/AFW). This sequence is then 
transferred to the small LOCA event tree for further development.  

Sequences TDC31-6 to TDC31-8. Same as sequences TDC31-2 to TDC31-4 except that a 
single PORV fails to reclose (P).  

Sequences TDC31-9 to TDC32-16. Same as sequences TDC31-1 to TDC31-8 except that 
offsite ac power to the 6.9-kV buses is unavailable (B 1). Onsite emergency ac power is 
established, however (/B2).  

Sequence TDC31-17:, TDC31*/C*B1*B2. A loss of dc bus 31 power panel occurs 
(TDC3 1) followed by a reactor scram (/C). Subsequently, offsite and onsite ac power 
becomes unavailable (BI*B2). This sequence is transferred to the SBO event tree for further 
development.  

Sequence TDC31-18: TDC31*C. A loss of dc bus 31 power panel occurs (TDC31) 
followed by a reactor scram. The control rods are not inserted into the core (C). Core 
damage and a vulnerable containment result because pressurizer pressure-relief capacity is 
inadequate (because PORV PCV-456 is rendered inoperable by the initiating event) and a 

-pressure-induced LOCA occurs that precludes RCS inventory make-up.  

Loss of 125-Vdc Bus 32 Power Panel Sequences.  

The sequences initiated by the loss of power from the 125-Vdc bus 32 and bus 31 power 
panels are essentially identical, except that the PORV rendered inoperable by the initiating 
event in the former event is PCV-455C (sequence TDC32-2). In addition, standby equipment 
affected will differ in -the two sets of accident sequences. These differences become evident
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.when the event trees are combined with fault trees in sequence quantification.

Loss of 480-Vac Safeguard Bus 5A Sequences 

Sequence TAC5A-1: TAC5A*/C*/BI*/AFW. A loss of the 480-Vac safeguard bus 5A 
occurs (TAC5A), followed by a manual scram. The control rods are inserted into the core 
(/C), and ac power from the 6.9-kV buses is available (/B1). Upon reactor scram, the main 
feedwater is tripped and auxiliary feedwater initiates to provide secondary heat removal 
(/AFW). Continued AFW operation allows for reactor core cooling and eventual hot 
'shutdown. This sequence results in a safe core and containment.  

Sequence TAC5A-2: TAC5A*/C*/BI*AFW*/MFW. Same as sequence TAC5A-1, except 
that the AFW system fails to remove core decay heat through the steam generators (AFW).  
Subsequently, one main boiler feed pump is aligned to provide flow through the feedwater 
regulating bypass valves (/MFW). With secondary heat removal established, a safe core and 
containment result.  

Sequence TAC5A-3: TAC5A*/C*/B1*AFW*MFW*/HHI*/FB*/CFC*/OHR*/HHIR.  
'Same as sequence TAC5A-1, except that both auxiliary feedwater and main feedwater systems 
fail (AFW*MFW). RCS pressures rise above the high-head safety injection system pump .  

.shut-off head. The operator then opens all PORVs, and RCS depressurization occurs. The 
' HHSI system provides core cooling during bleed-and-feed operation (/HHI*/FB).  

* Subsequently, with containment pressure increasing because of the opened PORVs, the fan 
..coolers start in their emergency mode of operation to provide containment overpressure 
control (/CFC). After continued bleed-and-feed operation depletes RWST water inventory, 
-the operator initiates high-head long-term cold-leg recirculation (/OHR). Recirculation system 
pumps provide long-term core cooling (/HHIR). This sequence results in a safe core and 
containment.  

Sequence TAC5A-4: TAC5A*/C*/B1*AFW*MFW*/HHI*/FB)*CFC*/OHR*HHIR 

*/HHER. Same as sequence TAC5A-3 except that random mechanical faults fail the 

recirculation system pumps (HHIR). The operator then uses the RHR pumps for high-head 
long-term cold-leg recirculation core cooling (/HHER). This sequence results in a safe core 
and containment.  

Sequence TAC5A-5: TAC5A*/C*/BI*AFW*MFW*JHHI*/FB*/CFC*/OHR*HHIR 

*HHER. Same as sequence TAC5A-3 except that random mechanical faults fail both the 

recirculation and RHR systems (HHIR*HHER). With no high-head long-term core cooling, 
,this sequence results in core damage and a vulnerable containment.  

.Sequence TAC5A-6: TAC5A*/C*/BI*AFW*MFW.*/HHI*/FB*/CFC*OHR. Same as 
sequence TAC5A-3 except that, after RWST depletion, the operator fails to initiate high-head 
long-term recirculation core cooling in time (OHR). This sequence results in core damage 
and a vulnerable containment.
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Sequence TAC5A-7: TAC5A*/C*/BI*AFW*MFW*/HHI*/FB*CFC*/CSS*/OHR* 
-/HHIR*/CDHR1. Same as sequence TAC5A-3 except that the fan coolers fail to start on 0 
high containment pressure (CFC). The containment spray system then starts when 
containment pressure reaches 22 psig (/CSS). Late containment overpressure control is 
provided after RWST depletion and successful changeover to cold-leg long-term recirculation 
flow by placing one RHR heat exchanger in service (/CDHR1). This sequence results in a 
safe core and containment.  

Sequence TAC5A-8: TAC5A*/C*/BI*AFW*MFW*/HHI*/FB*CFC*/CSS*/OHR*
/HHIR*CDHR1. Same as sequence TAC5A-7 except that both the fan coolers and RHR heat 
exchangers fail to provide long-term -containment heat removal (CFC*CDHRI). This 
sequence results in containment failure and a vulnerable core.  

Sequences TAC5A-9 and TAC5A-10. Same as sequences TAC5A-7 and TAC5A-8 except 
that random mechanical faults fail the recirculation system pumps (HHIR). The operator then 
uses the RHR for recirculation core cooling (/HHER) and long-term containment heat removal 
(/CDHR2).  

Sequence TAC5A-11: TAC5A*/C*/BI*AFW*MFW*/HHI*/FB*CFC*/CSS*/OHR* 
HHIR*HHER. Same as sequence TAC5A-7 except that random mechanical faults fail both 
the recirculation and RHR systems (HHIR*HHER). With no long-term core cooling, this 
sequence results in core damage and a vulnerable containment.  

Sequence TAC5A-12: TAC5A*/C*/BI*AFW*MFW*/HHI*/FB*CFC*/CSS*OHR. Same 
as sequence TAC5A-7 except that after RWST depletion, the operator fails to initiate 
high-head long-term recirculation core cooling in time (OHR). This sequence results in core 
damage and a vulnerable containment.  

Sequences TAC5A-13 to TAC5A-18. Same as sequences TAC5A-7 to TAC5A-12 except 
that early containment spray operation fails.  

Sequence TAC5A-19: TAC5A*/C*/BI*AFW*MFW*/I-HI*FB*/CFC. Same as sequence 
TAC5A-3 except that the PORVs fail to open when the operator attempts to establish bleed
and-feed operation (FB). This prevents operation of the high-head safety injection system.  
-With no core decay heat removal paths available, low-head safety injection is precluded.  
Core damage and a vulnerable containment result.  

Sequence TAC5A-20: TAC5A*/C*/BI*AFW*MFW*/HHI*FB*CFC*/CSS. Same as 
sequence TAC5A-19 except that the fan coolers fail to start (CFC) on high containment 
pressure. Containment pressure control is then provided by the containment spray system 
(/CSS). This sequence results in core damage and a vulnerable containment.  

Sequence TAC5A-21: TAC5A*/C*/BI*AFW*MFW*/HHI*FB*CFC*CSS. Same as 
sequence TAC5A-19 except that both the fan coolers and containment spray system fail to
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*D provide early containment pressure control (CFC*CSS). This sequence results in core damage 
and a vulnerable containment.  

Sequence TAC5A-22: TAC5A*/C*/BI*AFW*MFW*HHI*/CFC. Same as sequence 
TAC5A-3 except bleed-and-feed operation is precluded because high-head safety injection 

fails (HHI). Unable to depressurize the RCS for low-head injection, RCS boil-off occurs at 
the PORV setpoint. Core damage and a vulnerable containment result.  

Sequence TAC5A-23: TAC5A*/C*/BI*AFW*MFW*HHI*CFC*/CSS. Same as sequence 
TAC5A-22, except that the fan coolers fail to operate (CFC). Early containment pressure 
control is provided by the containment spray system (/CSS). This sequence results in core 
damage and a vulnerable containment.  

Sequence TAC5A-24: TAC5A*/C*/BI*AFW*MFW*HHI*CFC*CSS. Same as sequence 
TAC5A-22 except that both the fan coolers and containment spray system fail (CFC*CSS).  
This sequence results in core damage and a vulnerable containment 

Sequences TAC5A-25 to TAC5A-48. Same as sequences TAC5A- 1 to TAC5A-24, except 
that offsite ac power to the 6.9-kV buses is unavailable (B1), but onsite emergency ac power 
is established (/B2).  

Sequence TAC5A-49: TAC5A*/C*BI*B2. A loss of the 480-Vac safeguard bus 5A occurs 
(TAC5,A), followed by a manual scram. The control rods are inserted into the core (/C).  

Subsequently, offsite and onsite ac power to the 6.9-kV buses become unavailable (BI*B2).  

This sequence is transferred to the SBO event tree for further development.  

Sequence TAC5A-50: TAC5A*C. A loss of the 480-Vac safeguard 5A bus occurs 
(TAC5A), which creates conditions leading to a reactor scram. The control rods are not 

inserted into the core (C). At this point, the frequency of the sequence is about 108 /year and 
any additional failures leading to core damage would result in a lower sequence frequency 
(<10 8 /year). Therefore, the sequence was not developed further.  

Loss of 480-Vac Safeguard Bus 6A Sequences 

'Sequence TAC6A-1: TAC6A*/C*/BI*/AFW. A loss of the 480-Vac safeguard bus 6A 
occurs (TAC6A), followed by a manual scram. The control rods are inserted into the core 

(/C). AC power from the 6.9-kV buses is available (/B1). Upon reactor scram, the main 
feedwater is tripped and the AFW system initiates to provide secondary heat removal (/AFW).  
'Continued AFW operation allows for reactor core cooling and eventual hot shutdown. This 
sequence results in a safe core and containment.  

Sequence TAC6A-2: TAC6A*/C*/BI*AFW*/MFW." Same as sequence TAC6A-1 except 

that the AFW system fails to remove core decay heat through the steam generators (AFW).  
Subsequently, one main feed pump is aligned to provide flow through the feedwater
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regulating bypass valves (/MFW). With secondary heat removal established, a safe core and 
containment result.  

Sequence TAC6A-3: TAC6A*/C*/BI*AFW*MFW*/HHI*/FB*/CFC*/OHR*/HHIR.  
Same as sequence TAC6A-1 except that both auxiliary and main feedwater systems fail 
(AFW*MFW) resulting in RCS pressures above the HHSI system pump shut-off head. The 
operator then opens all PORVs and RCS depressurization occurs, allowing the HHSI system 
to provide core cooling during bleed-and-feed operation (/HHI*/FB). With containment 
pressure increasing because of the opened PORVs, the fan coolers start in their emergency 
mode of operation to provide containment overpressure control (/CFC). Because continued 
bleed-and-feed operation depletes RWST water inventory, the operator initiates high-head 
long-term cold-leg recirculation after RWST depletion (/OHR). Recirculation system pumps 
provide long-term core cooling (/HHIR). This sequence results in a safe core and 
containment.  

Sequence TAC6A-4: TAC6A*/C*/Bl*AFW*MFW*/HHI*/FB*/CFC*/OHR*HHIR* 
/HHER. Same as sequence TAC6A-3 except that random mechanical faults fail the 
recirculation system pumps (HHIR). The operator then uses the RHR pumps for high-head 
long-term cold-leg recirculation core cooling (/HHER). This sequence results in a safe core 
and containment.  

Sequence TAC6A-5: TAC6A*/C*/BI*AFW*MFW*/HHI*/FB*/CFC*/OHR*HHIR* 
HHER. Same as sequence TAC6A-3 except that random mechanical faults fail both the 
recirculation and RHR systems (HHIR*HHER). With no high-head long-term core cooling, 
this sequence results in core damage and a vulnerable containment.  

Sequence TAC6A-6: TAC6A*/C*/BI*AFW*MFW*IHHI*IFB*/CFC*OHR. Same as 
sequence TAC6A-3, except that after RWST depletion, the operator fails to initiate high-head 
long-term recirculation core cooling in time (OHR). This sequence results in core damage 
and a vulnerable containment.  

Sequence TAC6A-7: TAC6A*/C*/BI*AFW*MFW*JHHI*/FB*CFC*/CSS*/OHR* 
/HHIR*/CDHR1. Same as sequence TAC6A-3 except that the fan coolers fail to start on 
high containment pressure (CFC). The containment spray system then starts when 
containment pressure reaches 22 psig (/CSS). Late containment overpressure control is 
provided after RWST depletion and successful changeover to cold-leg long-term recirculation 
flow by placing one RHR heat exchanger in service (/CDHRl). This sequence results in a 
safe core and containment.  

Sequence TAC6A-8: TAC6A*/C*/BI*AFW*MFW*/HHI*/FB*CFC*/CSS*/OHR* 
/HHIR*CDHR1. Same as sequence TAC6A-7 except that both the fan coolers and RHR heat 
exchangers fail to provide long-term containment heat removal (CFC*CDHR1). This 
sequence results in containment failure and a vulnerable core.  
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* :Sequences TAC6A-9 and TAC6A-10. Same as sequences TAC6A-7 and TAC6A-8, except 
that random mechanical faults fail the recirculation system pumps (HHIR). The operator then 
uses the RHR for recirculation core cooling (/HHER).  

Sequence TAC6A-11: TAC6A*/C*/BI*AFW*MFW*/HHI*/FB*CFC*/CSS*/OHR* 
HHIR*HHER. Same as sequence TAC6A-7 except that random mechanical faults fail both 

-the recirculation and RHR systems (HHIR*HHER). With no long-term core cooling, this 
sequence results in core damage and a vulnerable containment.  

'Sequence TAC6A-12: TAC6A*/C*/BI*AFW*MFW*/HHI*/FB*CFC*/CSS*OHR. Same 
-as sequence TAC6A-7 except that after RWST depletion, the operator fails to initiate 
high-head long-term recirculation core cooling in time (OHR). This sequence results in core 
damage and a vulnerable containment.  

Sequences TAC6A-13 to TAC6A-18. Same as sequences TAC6A-7 to TAC6A-12 except 
that early containment spray operation fails.  

Sequence TAC6A-19: TAC6A*/C*/BI*AFW*MFW*/HHI*FB*/CFC. Same as sequence 
'TAC6A-3 except that the PORVs fail to open when the operator attempts to establish bleed
and-feed operation (FB). The failure of the PORVs to open prevents operation of the high

A-and low-head safety injection systems. With no core decay heat removal paths available, core 
-damage and a vulnerable containment result.  

Sequence TAC6A-20: TAC6A*/C*/BI*AFW*MFW*/HHI*FB*CFC*/CSS. Same as 
sequence TAC6A-19 except that the fan coolers fail to start (CFC) on high containment 
pressure. Containment pressure control is then provided by the containment spray system 
,(/CSSf. This sequence results in core damage and a vulnerable containment.  

Sequence TAC6A-21: TAC6A*/C*/BI*AFW*MFW*/HHI*FB*CFC*CSS. Same as 
sequence TAC6A-19 except that both the fan coolers and containment spray system fail to 
provide early containment pressure control (CFC*CSS). This sequence results in core damage 
and a vulnerable containment.  

Sequence TAC6A-22: TAC6A*/C*/BI*AFW*MFW*HHI*/CFC. Same as sequence 
'TAC6A-3 except that bleed-and-feed operation is precluded because high-head safety injection 
fails (HHI). Unable to depressurize the RCS for low-head injection, RCS boil-off occurs at 
the PORV setpoint. Core damage and a vulnerable containment result.  

Sequence TAC6A-23: TAC6A*/C*/BI*AFW*MFW*HHI*CFC*/CSS. Same as sequence 
TAC6A-22 except that the fan coolers fail to operate (CFC). Early containment pressure 
control is provided by the containment spray system (/CSS). This sequence results in core 
damage and a vulnerable containment.
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Sequence TAC6A-24: TAC6A*/C*/BI*AFW*MFW*HHI*CFC*CSS. Same as sequence 
TAC6A-22 except that both the fan coolers and containment spray system fail (CFC*CSS). 0 
This sequence results in core damage and a vulnerable containment.  

Sequences TAC6A-25 to TAC6A-48 . Same as sequences TAC6A-1 to TAC6A-24 except 
that offsite ac power to the 6.9-kV buses is unavailable (B1). Onsite emergency ac power is 
established, however (/B2).  

Sequence TAC6A-49: TAC6A*/C*BI*B2. A loss of the 480-Vac safeguard bus 6A occurs 
(TAC6A), followed by a manual scram. The control rods are inserted into the core (/C).  
Subsequently, offsite and onsite ac power is lost (BI*B2). This sequence is transferred to the 
SBO event tree for further development.  

Sequence TAC6A-50: TAC6A*C. A loss of the 480-Vac safeguard bus 6A occurs 
(TAC6A), leading to a reactor scram. The control rods are not inserted into the core (C). At 
this point, the frequency of the sequence is ;10/year and any additional failures leading to 
core damage would result in an even lower sequence frequency . Therefore, the sequence was 
not developed further.  

Loss of Switchgear Room Cooling Sequences.  

Sequence TSWGR-1: TSWGR*/C*/BI*/AFW*/AFWT*/RC*/P. A loss of switchgear 
room cooling occurs (TSWGR). Although there is no immediate impact on plant operations, 
continued room heat-up will cause power perturbations in vital ac and dc power supplies and, 
eventually, reactor scram. The control rods are inserted into the core (/C). AC power from 
the 6.9-kV buses is available (/B1). The pressurizer PORVs reclose, if opened (/P). Upon 
reactor scram, the main feedwater system is tripped and the auxiliary feedwater system starts 
to provide secondary heat removal (/AFW). AFW operation using the motor-driven pumps is 
of short duration as, with switchgear room temperature increasing above 120'F, the load 
breakers trip on thermal overload, failing the AFW motor-driven pumps. The steam-turbine
driven AFW pump is then used to remove core decay heat through the steam generators 
(/AFWT). Subsequently, continued AFWT operation and eventual hot shutdown is assured by 
the restoration of switchgear room cooling (/RC). This sequence results in a safe core and 
containment.  

Sequence TSWGR-2: TSWGR*/C*/BI*/AFW*/AFWT*/RC*P. Same as sequence 
TSWGR-1 except that a PORV fails to reclose (P), causing a breach in RCS integrity. The 
sequence is transferred to the small LOCA event tree for further development.  

Sequence TSWGR-3: TSWGR*/C*/BI*/AFW*/AFWT*RC*/P. Same as sequence 
TSWGR-1 except that switchgear room cooling is not restored (RC).. Because the initiator 
causes thermal overload breaker trips that render all plant systems required for shutdown 
inoperable, core damage and a vulnerable containment result.
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* Sequence TSWGR-4: TSWGR*/C*/BI*/AFW*/AFWT*RC*P. Same as sequence 
TSWGR-3 except that a PORV fails to reclose (P). This sequence results in core damage and 
a vulnerable containment.  

Sequence TSWGR-5: TSWGR*/C*/BI*/AFW*AFWT*/RC*/P. Same as sequence 
TSWGR-1 except that random mechanical faults fail the steam-turbine-driven AFW pump 
(AFWT). However, switchgear room cooling is restored (/RC), preventing failure of the 
AFW motor-driven pumps on thermal overload trip (/AFW). Continued AFW operation 
allows for reactor core cooling and eventual hot shutdown. This sequence results in a safe 
core and containment.  

Sequence TSWGR-6: TSWGR*/C*/BI*/AFW*AFWT*/RC*P. Same as sequence 
TSWGR-5, except that a PORV fails to reclose (P), causing a breach in RCS integrity. The 
sequence is transferred to the small LOCA event tree for further development.  

Sequences TSWGR-7 and TSWGR-8. Same as sequences TSWGR-3 and TSWGR-4 except 
that the steam-turbine-driven AFW pump fails (AFWT). These sequences result in core 
damage and a vulnerable containment.  

Sequence TSWGR-9: TSWGR*/C*/BI*AFW*/HHI*/FB*/RC*/CFC*/OHR*/HHIR.  
Same as sequence TSWGR-1 except that the auxiliary feedwater system fails to remove core 
decay heat through the steam generators (AFW). Because RCS pressure remains high, the 
operator opens all PORVs, effectively inducing an RCS LOCA. As RCS water inventory 
.decreases, RCS pressure falls enough to allow core cooling using the high-head safety 
injection system (/HHI) and RCS bleed-and-feed operation (/FB). Containment pressure 
increases because of PORV opening and the fan coolers start in their emergency mode of 
operation to provide containment overpressure control (/CFC). In addition, switchgear room 
cooling is restored to prevent high-head safety injection failure on thermal overload trip 
(/RC). Continued bleed-and-feed operation prevents the use of the RHR system for shutdown 
cooling as RCS pressure remains above the RHR pump shut-off head. Therefore, the operator 
initiates high-head long-term cold-leg recirculation after RWST depletion (/OHR).  
Recirculation system pumps provide long-term core cooling (/HHIR). This sequence results 
in a safe core and containment.  

Sequence TSWGR-10: TSWGR*/C*/BI*AFW*/HHI*/FB*/*RC*/CFC*/OHR*HHIR* 
/HHER. Same as sequence TSWGR-9 except that random mechanical faults fail the 
recirculation system pumps (HHIR). The operator then uses RHR system for recirculation 
core cooling (/HHER).  

Sequence TSWGR-11: TSWGR*/C*/BI*AFW*/IHHI*/FB*/*RC*/CFC*/OHR*HHIR* 
HHER. Same as sequence TSWGR-9 except that random mechanical faults fail both the 
recirculation and RHR systems (HHIR*HHER). With no high-head long-term core cooling, 
this sequence results in core damage and a vulnerable containment.
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Sequence TSWGR-12: TSWGR*/C*/BI*AFW*/HHI*/FB*/*RC*/CFC*OHR. Same as 
sequence TSWGR-9, except that after RWST depletion, the operator fails to initiate high-head 
long-term recirculation core cooling in time (OHR). This sequence results in core damage 
and a vulnerable containment.  

Sequence TSWGR-13: TSWGR*/C*/BI*AFW*/HHI*/FB*/*RC*CFC*/CSS*/OHR* 
/HHIR*/CDHR1. Same as sequence TSWGR-9 except that the fan coolers fail to start on 
high containment pressure (CFC). The containment spray system then starts when 
containment pressure reaches 22 psig (/CSS). Late containment overpressure control is 
provided, after RWST depletion and successful changeover to cold-leg long-term recirculation 
flow, by placing one RHR.heat exchanger in service (/CDHR1). This sequence results in a 
safe core and containment.  

Sequence TSWGR-14: TSWGR*/C*/BI*AFW*/HHI*/FB*/*RC*CFC*/CSS*/OHR* 
/HHIR*CDHR1. Same as sequence TSWGR-13 except that both the fan coolers and RHR 
heat exchangers fail to provide long-term containment heat removal (CFC*CDHRl). This 
sequence results in containment failure and a vulnerable core.  

Sequences TSWGR-15 and TSWGR-16. Same as sequences TSWGR-13 and TSWGR-14 
except that random mechanical faults fail the recirculation system pumps (HHIR). The 
operator then uses RHR for recirculation core cooling (/HHER) and long-term containment 
"heat removal (/CDHR2).  

Sequence TSWGR-17: TSWGR*/C*IBl*AFW*JHHI*/FB*/*RC*CFC*/CSS*/OHR* 
HHIR*HHER. Same as sequence TSWGR-13 except that random mechanical faults fail both 
the recirculation and RHR systems (HHIR*HHER). With no long-term core cooling, this 
sequence results in core damage and a vulnerable containment.  

Sequence TSWGR-18: TSWGR*/C*/BI*AFW*/HHI*/FB*/*RC*CFC*/CSS*OHR.  
Same as sequence TSWGR-13 except that after RWST depletion, the operator fails to initiate 
high-head long-term recirculation core cooling in time (OHR). This sequence results in core 
damage and a vulnerable containment.  

Sequences TSWGR-19 to TSWGR-24. Same as sequences TSWGR-13 to TSWGR-18 
except that early containment spray operation fails.  

Sequence TSWGR-25: TSWGR*/C*/BI*AFW*/HHI*/FB*RC. Same as sequence 
TSWGR-9 except that switchgear room cooling is not restored (RC) and the resulting thermal 
overload breaker trips render all plant systems required for shutdown inoperable. Core 
damage and a vulnerable containment result.  

Sequence TSWGR-26: TSWGR*/C*/BI*AFW*/HHI*FB*/RC*/P. Same as sequence 
TSWGR-9 except that, while the pressurizer PORVs reclose, if opened (/P), random 
mechanical faults prevent the PORVs from opening when the operator attempts to establish
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* bleed-and-feed operation (FB). These faults prevents high- and low-head safety injection.  
This sequence results in core damage and a vulnerable containment.  

Sequence TSWGR-27: TSWGR*/C*/BI*AFW*/HHI*FB*/RC*P. Same as sequence 
TSWGR-26 except that a PORV fails to reclose (P). This sequence results in core damage 
and a vulnerable containment.  

Sequences TSWGR-28 and TSWGR-29. Same as sequences TSWGR-26 and TSWGR-27 
except that switchgear room cooling is not restored (RC). These sequences result in core 
damage and a vulnerable containment.  

Sequences TSWGR-30 to TSWGR-33. Same as sequences TSWGR-26 to TSWGR-29 
except that bleed-and-feed operation is precluded because high-head safety injection fails 
(HHI). Unable to depressurize the RCS for low-head injection, RCS boil-off occurs at the 
PORV setpoint. These sequences result in core damage and a vulnerable containment.  

Sequence TSWGR-34: TSWGR*/C*BI.A loss of switchgear room cooling occurs 
(TSWGR) requiring a reactor trip. The reactor scrams (/C). Subsequently, offsite ac power 
to the 6.9-kV buses fails (B1). At this point the frequency of the sequence is <10 8 /year and, 
additional failures leading to core damage would result in still lower frequencies. Therefore, 
the sequence was not developed further.  

* Sequence TSWGR-35: TSWGR*C. A loss of switchgear room cooling occurs (TSWGR) 
leading to a reactor scram. The control rods are not inserted into the core (C). At this point, 
the proihability of the sequence is about 10-8/year and any additional failures leading to corei., 
damag6 'would result in a lower sequence frequency (<10 8 /year). Therefore, the sequence was 
not developed further.  

3.1.4.5 Interfacing System Loss of Coolant Accidents 

Interfacing system loss of coolant accidents (ISLOCAs) are caused by the failure of piping 
and other components designed for low pressures as a result of their exposure to high pressure 
reactor coolant. Because piping susceptible to ISLOCAs is routed both inside and outside 
containment, the potential exists for unmitigated LOCAs and for containment bypass and 
subsequent radionuclide release to the primary auxiliary building (PAB).  

One type of ISLOCA, the "V-sequence" event, is initiated by the failure of isolation valves 
that form the pressure boundary between the RCS and low pressure systems. In the 
postulated worst-case scenario, isolation valve failure results in a LOCA outside containment 
and containment bypassing from the outset.  

Systems and lines susceptible to ISLOCAs were identified from a review of interfacing 
_l_ systems and lines. This review identified systems and lines not addressed in the NUREG/CR-
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5102 ISLOCA study [25].

Interfacing Lines 

Susceptible Systems and Lines. Systems susceptible to potential ISLOCA initiators 
are the: 

" Chemical and volume control system (CVCS) 

" Component cooling water (CCW) system 

" Safety injection (SI) system 

* Residual heat removal (RHR) system 

* RCS drain 

m RCSsampling.  

Interfacing lines were identified for each system that: 

" Connect to the RCS 

" Have a design pressure less than that of the RCS 

m Could be overpressured by reactor coolant should a valve fail or be inadvertently, opened 

" Will release reactor coolant outside containment if they rupture or leak.  

The interfacing lines identified were: 

m Chemical and volume control system: 

- Normal letdown line 27 
- Excess letdown line 98 

m Component cooling water system: 

- Residual heat removal heat exchanger lines 52A/52 
- Residual heat removal pump lines 336 and 658 
- Non-regenerative heat exchanger line 149 
- Excess letdown heat exchanger line 18 
- Sample heat exchanger line 166
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m Safety injection system:

- High-head discharge line 56 
- High-head discharge BIT line 16 
- High-head recirculation lines 60/29 

m Residual heat removal system: 

- Low-head discharge line 9 
- RHR shutdown cooling lines 10, 57 and 155 
- RHR minimum flow lines 337, 3042 and 3043 
- RHR lines inside containment lines 60, 89, 93, 94, 293, 355 and 358.  

The ISLOCA pathways for these lines were examined. Because the interfacing lines in the 
drain and sampling systems have diameters ranging from 3/4 in. to .2 in, these lines were not 
considered to be susceptible to severe ISLOCA or "V" sequence events: if the lines rupture 
inside containment, the rupture can be considered as a small-break LOCA.  

CVCS Normal Letdown Line. The flow path for a CVCS normal letdown ISLOCA 
is shown in Figure 3.1.4.12.  

The 3-in. diameter letdown line is normally open and penetrates the containment. Flow from 
RCS cold leg loop 31 discharges through letdown line 79 (3"-CH-2501R) to the regenerating 
heat exchanger and exits through line 27 (3"-CH-2501R). Line 27 splits into three lines, each 
of which contains an orifice that reduces the pressure of flowing reactor coolant from 2235, 
psig to 275 psig. In the absence of flow, the orifices will of course cause no pressure 
reduction. Flow then continues through air-operated valves CH-200A/B/C and out of the 
containment. The design pressure rating of the piping is 2580 psig upstream of the air
operated valves and 600 psig downstream.  

An ISLOCA in the normal letdown line can be caused inside or outside containment by the 
spurious closure of containment isolation valves CH-201 or CH-202, or valve PCV-135, 
downstream of the non-regenerative heat exchanger. The closure of one of these valves will 
increase pressure downstream of CH-200A/B/C and, if relief valve CH-203 fails to open, line 
27 (2"-CH-601R) will fail on overpressure and reactor coolant will be discharged inside or 
outside containment until the pressurizer is isolated. If, however, relief valve CH-203 lifts, 
the pressure will be relieved and a pressure drop created across the orifices. Subsequently, as 
reactor coolant discharges to the primary relief tank (PRT), the pressurizer level drops until 
pressurizer isolation valves LCV-459 and LCV-460 close.
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CVCS Excess Letdown Line. The flow path for a CVCS excess letdown ISLOCA is 

shown in Figure 3.1.4.13.  

The CVCS excess letdown line is used to maintain normal letdown when the normal letdown 
line is unavailable or during the final stages of plant heat-up. The CVCS excess letdown line 
i's also used to increase the letdown rate when establishing a "bubble" in the pressurizer.  
Excess letdown line 97 (1"-CH-2501R) is normally closed. If used, excess letdown flows 

through two air-operated valves (CH-213A/B) to the excess letdown heat exchanger and exits 
through valve HCV-123 to line 98 (1"-CH-151R). Valve HCV-123 serves as the high/low 
pressure boundary--the design pressure rating of the piping changes from 2580 psig to 600 
psig across HCV-123.  

An ISLOCA in the excess letdown low pressure piping downstream of valve HCV-123 is 
caused by the spurious opening of normally closed valves CH-213A/B and HCV-123.  

CCW System RHR Heat Exchanger Lines 52A and 52. The CCW system provides 
cooling water to various RCS components during normal operation and removes residual and 
decay heat from the RCS during plant shutdown.  

* CCW line 52A (14"-AC-152N, upstream of motor-operated valve AC-822B) is the cooling 
water return line from the reactor coolant pump thermal-barrier heat exchangers, seal coolers, 
.and the excess letdown heat exchanger. It would be exposed to 2250-psig pressures if the 
tube sides of any of these heat exchangers fail. The subsequent overpressurization of line 
52A (and line 52) could cause an ISLOCA in the PAB. Figure 3.1.4.14 shows the flow path 
for this ISLOCA.  

CCW line 52A (12"-AC-152N, downstream of motor-operated valve AC-822B) is also the 
return line from RHR heat exchanger 32.' It can therefore also be'exposed to RCS pressure 
upon failure of the tube side of RHR heat exchanger 32 subsequent to the failure of one of 
the following sets of valves: 

m RCS cold leg loop 1 check valves SI-897A and SI-838A 

m RCS cold leg loop 2 check valves SI-897B and SI-838B 

m RCS cold leg loop 3 check valves SI-897C and SI-838C 

* RCS cold leg loop 4 check valves SI-897D and SI-838D.  

Because the pressure rating for line 52A between the outlet of RHR heat exchanger 32 and 

the CCW pump suction is 150 psig, overpressures can result in piping failure inside or outside 
containment.
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Similarly, the failure of the tube side of RHR heat exchanger 31 and of RCS cold leg loop 
check valves can cause overpressure of line 52 and a subsequent ISLOCA inside or outside 
containment.  

The flow paths for these ISLOCAs are shown in Figure 3.1.4.15.  

CCW System Non-Regenerative Heat Exchanger Line 149. The CCW return line 
from the non-regenerative heat exchanger (line 149, 6"-AC- 1 52N) can be overpressured 
following a heat exchanger tube failure and the resulting exposure of the line to 600-psig RCS 
pressure. Figure 3.1.4.16 shows the flow path for this ISLOCA.  

CCW System Excess Letdown Heat Exchanger Line 18. The CCW return line from 
the excess letdown heat exchanger (line 18, 3"-AC-152N) can be overpressured after a heat 
exchanger tube failure and exposure of the line to high (2250 psig) RCS pressure. Figure 
3.1.4.17 shows the flow path for this ISLOCA.  

CCW System Sample Heat Exchanger Line 166. The CCW return line from the 
pressurizer liquid and reactor coolant heat exchangers (line 166, 3"-AC-152N) can be 

,.overpressured after heat exchanger tube failure by exposure of the line to high (2250 psig) 
RCS pressure. However, because the primary sampling lines have a diameter of 3/4 in, the 
expected break flow is within the capacity of the normally-operating charging pumps.  
Therefore the core is unlikely to be uncovered. Figure 3.1.4.18 shows the flow path for this 
ISLOCA.  

SIS Line 56. During normal operation, the HHSI system is aligned for safety 
injection. SIS line 56 bounded by check valves SI-849A and SI-852A, check valve SI-858B, 
and locked-closed .manual valve SI-859A, can thus be exposed to RCS pressure upon failure 
of: 

* RCS cold leg loop 1 check valves SI-897A, SI-857A and SI-857G 

" RCS cold leg loop 2 check valves SI-897B, SI-857S and SI-857T 

" RCS cold leg loop 3 check valves SI-897C, SI-857Q and SI-857R 

" RCS cold leg loop 4 check valves SI-897D, SI-857U and SI-857W 

" RCS hot leg loop 3 check valves SI-857B and SI-857H and normally-closed motor
operated valve SI-856B.  

While overpressure of line 56 will cause relief valve SI-855 to lift and discharge to the PRT, 
an ISLOCA will result because the relief valve is unlikely to prevent failure of SIS line 56.  
Figure 3.1.4.19 presents the flow path for this ISLOCA.
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An ISLOCA inside the SI pump room in the PAB at the 34 ft elevation is possible if check 
valve SI-849A or SI-852A also fails. An ISLOCA inside the pump room may lead to the 
failure of all three safety injection pumps because of the resulting harsh pump room 
environment. Figure 3.1.4.20 presents the flow path for this ISLOCA.  

SIS Line 16. The sections of SIS line 16 bounded by normally-closed motor-operated 
valves SI-1835A/B, normally-closed manual valve SI-1833B and locked-closed manual valve 
SI-859A can be exposed to RCS pressure upon failure of: 

" RCS cold leg loop 1 check valves SI-857E and SI-857L 

" RCS cold leg loop 2 check valves SI-857D and SI-857K 

" RCS cold leg loop 3 check valves SI-857F and SI-857M 

" RCS cold leg loop 4 check valves SI-857C and SI-857J 

* RCS hot leg loop I check valves SI-857N and SI-857P and motor-operated valve SI
856B.  

As with SIS line 56, overpressure of line 16 causes relief valve SI-855 to lift and discharge 
reactor coolant to the PRT. However, because the relief valve is unlikely to prevent failure of 
line 16, an ISLOCA results. In addition, overpressure of line 16 and failure of check valve 
SI-858A diverts high-head injection flow away from the reactor and into the containment 
through line 56. A similar diversion of high-head flow occurs through line 16 should line 56 
be overpressured and check valve SI-858B fail. Figure 3.1.4.21 presents the flow path for 
this ISLOCA.  

SIS Line 60/29. This line can be exposed to RCS pressure upstream of motor 
operated valves SI-888A/B upon failure of: 

* RCS cold leg loop 1 check valves SI-897A and SI-838A 

" RCS cold leg loop 2 check valves SI-897B and SI-838B 

* RCS cold leg loop 3 check valves SI-897C and SI-838C 

m RCS cold leg loop 4 check valves SI-897D and SI-838D 

The failure of any of the above sets of check valves and inadvertent opening of CH-133 also 
pressurizes line 29 (2"-SI-601R). If motor-operated valve (MOV) SI-888A/B is open, low 
pressure piping downstream of SI-888A/B and upstream of, or at, the safety injection pumps 
may fail. Should an ISLOCA occur within the pump room, the SI pumps are likely to fail 
because of the harsh pump room environment. An ISLOCA can also occur upon rupture of
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. line 29. Figure 3.1.4.22 shows the flow path for these ISLOCAs.

RHR Line 9. During normal operation the LHSI system is aligned for safety 
injection. RHR line 9, bounded by normally-closed motor-operated valves SI-889A/B and SI
1 802A/B, can thus be exposed to RCS pressure upon failure of: 

" RCS cold leg loop I check valves SI-897A and SI-838A 

" RCS cold leg loop 2 check valves SI-897B and SI-838B 

" RCS cold leg loop 3 check valves SI-897C and SI-838C 

" RCS cold leg loop 4 check valves SI-897D and SI-838D.  

Overpressure of RHR line 9 piping will cause relief valves AC-733A/B to lift and discharge 
reactor coolant to the PRT. However, because the relief valves are unlikely to prevent failure 
of line 9, an ISLOCA results. This ISLOCA can occur inside containment or, if check valve 
AC-741 on line 9 (12"-AC-601R) also fails, in the RHR pump room. An ISLOCA inside the 
15-ft elevation RHR pump room may cause all RHR pumps to fail because of the harsh pump 
room environment or pump room flooding. Figure 3.1.4.23 shows the flow paths for this 
ISLOCA.  

RHR lines 10, 57 and 155. The RHR-system provides shutdown cooling when RCS 
pressure and temperature fall below 450 psig and 350'F, respectively. During normal 
operation, the RHR shutdown cooling path is isolated: RHR shutdown cooling valves AC-731, 
AC-730 and AC-732 are closed and the motor control center breakers for motor-operated 
valves AC-730 and AC-731 (i.e., breaker 2FM on MCC-36A for AC-730 and 2FM on MCC
36B for AC-731) are opened. In addition, valves AC-731 and AC-730 are interlocked to 
prevent them from opening until RCS pressure is below 450 psig. -JThe valves also close if 
RCS pressure exceeds 550 psig.  

While overpressurization of RHR lines 10, 57 and 155 is unlikely, 'it can occur if reactor 
coolant leaks past RHR shutdown cooling isolation valves AC-731, AC-730 and AC-732 and 
overpressures RHR piping bounded by the RHR pumps, check valve SI-881 and normally
closed motor-operated valve SI-885B. Lines 89, 93, 94, 293, 355 and 358 inside containment 
may also be overpressured because flow through the RHR minimum flow line, low-head 
injection piping (line 9) and check valve AC-741 will pressurize the low-head injection lines 
upstream of isolation check valves SI-838A/B/C/D.  

If valves AC-731 and AC-730 become fully open, the subsequent overpressurization will fail 
line 10 outside containment at the 34-ft elevation inside the PAB and upstream of, or at, valve 
AC-732 or at the RHR pumps if the valve body of AC-732 survives. Should RHR lines 10, 
57, or 155 fail, massive flooding in the PAB may result from the release of RCS and RWST 
inventories. Figure 3.1.4.24 shows the flow paths for these ISLOCAs.
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CCW System Residual Heat Removal Pumps (Lines 336 and 658). RCS 
overpressure of RHR line 10 results in RHR seal failure and pressurization of CCW return 
lines 336 (1"-AC-152N) and 658 (l"-AC-152N). Figure 3.1.4.25 shows the flow path for this 
ISLOCA.  

RHR Minimum Flow Lines 337, 3042 and 3043, RHR Lines 60, 89, 93, 94, 293, 
355 and 358. RHR minimum flow lines 337, 3042 and 3043 are located outside containment 
and consist of piping with a 600-psig pressure rating (601R). RHR lines 60, 89, 93, 94, 293, 
355 and 358 are located inside containment with the exception of part of line 60. The 
pressure rating for these lines changes from 2580 psig (2501R) to 600 psig (601R) across 
motor-operated valves SI-746 and SI-747. Regardless of whether relief valves AC-733A/B 
open, these lines can be overpressured by failures of the following pairs of low-head injection 
isolation check valves: 

i' RCS cold leg loop 1 check valves SI-897A and SI-838A 

m RCS cold leg loop 2 check valves SI-897B and SI-838B 

* RCS cold leg loop 3 check valves SI-897C and SI-838C 

m( RCS cold leg loop 4 check valves SI-897D and SI-838D.  

Figure 3.1.4.26 shows the flow paths for these ISLOCAs.  

ISLOCA Assumptions 

E, Leakage into the accumulators via check valves 896A/B/C/D is not accounted for in pipe 
overpressurization frequency calculations. This leakage will reduce line pressure and thus 
the pipe overpressurization failure rate.  

" Because the motor control center breakers for RHR suction line motor operated valves 
AC-731 and AC-730 are normally open and their fuses disconnected, these valves will 
not transfer open.  

" Because much of the interfacing system piping is routed inside containment, the 
probability of a pipe break inside containment, given pipe overpressurization, is assumed 
to be 0.9. The conditional probability of a pipe break outside containment is therefore 
0.1.  

m An RHR suction line ISLOCA outside containment will eventually lead to core damage 
because core recirculation is unavailable and makeup to the RWST is limited.
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m An ISLOCA that ruptures an RHR heat exchanger inside containment will eventually lead 
to core damage because long-term recirculation core cooling from both the recirculation 
and RHR pumps is lost. The harsh environment created inside the RHR heat exchanger 
room precludes closure of the RHR heat exchanger inlet and outlet motor-operated valves.  

* An ISLOCA located downstream of valves SI-MOV-1869A/B or SI-MOV-888A/B but 
inside containment will eventually lead to core damage if the operator fails to isolate the 
ruptured line.  

* A small ISLOCA located inside containment at check valve SI-858A/B will eventually 
lead to core damage. This is because the diversion of so much flow from both HHSI 
paths (lines 56 and 16) and onto the containment floor precludes initial and long-term 
high-head safety injection.  

m A small ISLOCA located inside the safety injection pump room and caused by the failure 
of check valve SI-849A or SI-852A will eventually lead to core damage. No initial and 
long-term core cooling will be provided by -the safety injection system: safety injection 
pumps 31 and 32 will discharge their flow onto the pump room floor and safety injection 
pump 33 will fail because of the harsh environment inside the room.  

m An ISLOCA and subsequent ATWS sequence event were not modeled because the 
additional failures required to cause core damage would result.in a sequence frequency of 
<10- /year.  

Success Criteria. Success criteria for the mitigation of an ISLOCA event outside 
containment entail isolation of the break and provision of initial core cooling by the AFW and 
HHSI systems. These success criteria are presented in Table 3.1.4.19. An ISLOCA event 
inside containment has the success criteria established for a small-break LOCA.  

ISLOCA Event Tree. The ISLOCA event tree is shown in*Figure 3.1.4.27. The top 
events shown in the ISLOCA event tree are defined as follows: 

ISLOCA Initiator (V). An ISLOCA event occurs in which low-pressure system piping is 
exposed to high pressure reactor coolant.  

ISLOCA Smaller Than Medium LOCA (VB). This event distinguishes two ISLOCA break 
sizes. The upper (success) branch develops sequences for ISLOCAs with break sizes <6 in.  
The lower (failure) branch develops sequences for ISLOCAs-with break sizes >6 in.  

ISLOCA Occurs Inside Containment (VL). This event addresses the location of the 
ISLOCA. Success implies that the ISLOCA break occurs inside containment. Such 
ISLOCAs are developed as LOCA events. Failure implies that the ISLOCA break occurs 
outside containment with the potential for core damage with containment bypass.
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Table 3.1.4.19 

Success Criteria for Small ISLOCA Outside Containment

I. RPS failure not consdiered, because any further failures leading to core damage will result in a sequence frequency of <10-1.
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U. ISLOCA Fails Early or Late Core Cooling (VRIC). This event addresses the possibility of 
ISLOCA break isolation. Success implies that ISLOCA break isolation is feasible; failure implies it is not. An inability to isolate the ISLOCA precludes early or late cooling.  

Auxiliary Feedwater System Secondary Cooling (AFW). This event is considered only for 
those sequences in which a small ISLOCA occurs outside containment. Success of AFW in 
removing core heat implies the use of a motor- or steam-driven pump to provide feedwater to 
at least one steam generator.  

High-Head Safety Injection (HHI). This event is considered only for those sequences in 
which a small ISLOCA occurs outside containment. Success implies that at least one pump 
injects water into at least one 2-in. RCS cold leg. Failure implies an increased potential for 
core damage.  

Operator Isolates ISLOCA Break (VISO). This event is considered only for those 
sequences that involve an ISLOCA outside containment. Success implies that the operator 
diagnoses the ISLOCA and isolates the break. Failure implies an increased potential for core 
damage.  

ISLOCA Sequences. In defining a sequence, a slash (/) preceding an event designator 
indicates the event is a success. Asterisks (*) separate the event designators.  

* Sequence V-i: V*NB*NL*NRIC. A small-break ISLOCA occurs inside containment 
(V*/VB*/VL). The break location does not preclude early or late core cooling (/VRIC).  
However, because the ISLOCA break occurs inside containment, the sequence is transferred to 
the small LOCA event tree for further development.  

Sequence V-2: V*NB*/VL*VRIC. A small-break ISLOCA occurs inside containment 
(V*/VB*/VL), failing either early or late core cooling (VRIC). Core damage and a vulnerable 
containment result.  

Sequence V-3: V*NB*VL*NRIC*/AFW*/HHI*NISO. A small-break ISLOCA occurs 
outside containment (V*/VB*VL). The break location does not preclude early or late core 
cooling (/VRIC). However, because RCS integrity is violated, RCS inventory begins to fall.  
At a 1720-psig pressurizer pressure, a safety injection actuation signal is given that initiates 
both high- and low-head safety injection pumps, and the auxiliary feedwater system (/AFW).  
The AFW system provides core decay-heat removal through the steam generators, allowing 
operation of the HHSI system for core cooling (/HHI). Because the ISLOCA occurs outside 
containment, when RWST water is depleted, long-term recirculation core cooling from the 
containment sumps is impossible. Therefore, the operator must diagnose and isolate the 
ISLOCA. Successful ISLOCA isolation (/VISO) results in a safe core and containment.  

Sequence V-4: V*NB*VL*NRIC*/AFW*IHHI*VISO. Same as sequence V-3, except that 
O .the operator fails to isolate the ISLOCA in time (VISO). Because of the ISLOCA break 

location, water lost from the RCS does not return to the containment sumps and long-term
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recirculation core cooling is impossible. Core damage and a vulnerable containment result.  

Sequence V-5: V*/VB*VL*/VRIC*/AFW*HHI. Same as sequence V-3, except that 
random mechanical faults fail high-head safety injection (HHI). Subsequently, because HHSI 
is unavailable, initial RCS core cooling is lost. Because the discharge of RWST water outside 
containment precludes recirculation core cooling by the recirculation or RHR pumps, core 
damage and a vulnerable containment result.  

Sequence V-6: V*/VB*VL*NRIC*AFW. Same as Sequence V-3, except that the AFW 
system fails to remove core decay heat through the steam generators (AFW). Because RCS 
pressure remains high, the operator will open all PORVs, but, because the RCS break is 
outside containment, this action will deplete the remaining RCS inventory before RCS 
pressure is reduced below the HHSI pump shut-off head. This sequence results in core 
damage and a vulnerable containment.  

Sequence V-7: V*NB*VL*VRIC. Same as Sequence V-3, except that the ISLOCA outside 
containment precludes break isolation (VRIC). Consequently, early or late long-term 
recirculation core cooling is unavailable. This sequence results in core damage and a 
vulnerable containment.  

Sequence V-8: V*VB*NL*NRIC. A large break ISLOCA occurs inside containment 
(V*VB*/VL). The break location does not preclude early or late core cooling (/VRIC).  
Because the ISLOCA break occurs inside containment, this sequence is transferred to the large 
LOCA event tree for further development.  

Sequence V-9: V*VB*NL*VRIC. A large break ISLOCA occurs inside containment 
(V*VB*/VL). The break location fails early or late core cooling (VRIC). Core damage and a 
vulnerable containment result.  

Sequence V-10: V*VB*VL*NRIC*NISO. A large break ISLOCA occurs outside 
containment (V*VB*VL). The break location does not preclude early or late core cooling 
(NRIC). Because the ISLOCA occurs outside containment, long-term recirculation core 
cooling from the containment sumps is unavailable. However, ISLOCA isolation (/VISO) 
results in a safe core and containment.  

Sequence V-11: V*VB*VL*NRIC*VISO. Same as sequence V-10, except that the operator 
fails to isolate the ISLOCA in time (VISO). Core damage and a vulnerable containment 
result.  

Sequence V-12: V*VB*VL*VRIC. Same as sequence V-10, except that the ISLOCA LOCA 
outside containment precludes break location isolation. Subsequently, early or late long-term 
recirculation core cooling is unavailable. This sequence results in core damage and a 
vulnerable containment.
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O 3.1.4.6 Reactor Vessel Rupture 

Although a detailed analysis of reactor vessel rupture was not within the scope of this study, 
reactor vessel rupture was considered as an initiating event.  

Reactor rupture has been examined in several previous studies including the Indian Point 
Probabilistic Safety Study (IPPSS) [4]. In the IPPSS, the frequencies assumed for reactor 
vessel rupture were obtained from the WASH-1400 report [17]. The values assumed were: 

5th percentile: 10-8/year 

Median: 107/year 

95th percentile: 10-6/year 

Recent IPE/PRA studies have used estimated frequencies from 1 0 7/year to 1.1 x 1 06/year for 
vessel rupture. These studies have concentrated on pressurized thermal shock (PTS). PTS 
can result from excessive RCS cooldown initiated at high RCS pressure (and temperature).  
LOCAs, secondary side breaks and steam generator tube rupture (SGTR) can cause PTS.  
However, NUREG/CR-4183 [26] concluded that the dominant causes of PTS failure involve, 
the blow down of multiple steam generators because of steam line breaks (or the failure of 
atmospheric dump valves), combined with multiple main steam isolation valves remaining 
open, or the failure of multiple steam generator safety relief valves. NUREG/CR-4183 also 
concluded that LOCA events are not important contributors to PTS.  

The NRC has concluded that no special measures need be taken to reduce the potential for 
vessel embrittlement if the reference temperature for PTS (RTPTS) does not exceed 270'F for 
baseplate, axial weld and circumferential welds [27]. Plant-specific calculations performed for 
IP3 show that with variable neutron fluxes and an 80-percent capacity factor, the values for 
RTPTs vary from 259 to 262°F in the baseplate, 234 to 237°F in the axial welds, and 178 to 
180'F in the circumferential welds [28]. Accordingly, we can conclude that IP3 has no 
special susceptibility to PTS and that the conditional probabilities used for the Robinson plant 
[26] for vessel rupture given PTS apply here. These conditional probabilities are presented in 
Table 3.1.4.20.  

Accident Progression. Because reactor rupture precludes core cooling, all reactor vessel 
rupture accident sequences lead to core damage. However, to define the resultant effect on 
the containment, an event tree was developed to account for the availability of emergency 
core cooling injection and containment systems during the accident core melt progression.  

Reactor Vessel Rupture Assumptions 

. The size of a reactor vessel rupture is such that the make-up capabilities of all emergency 
core cooling systems will be exceeded.
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Table 3.1.4.20 

Conditional Probabilities of Vessel Rupture Given Pressurized Thermal Shock [261 

Conditional Probability RTPTS (oF) 

3 x 10-4  262 

5 x 10' 237 

10-9 180

-0 Reactor vessel rupture and the subsequent loss of either offsite or onsite ac power was not 
modeled, because the accident sequence frequency is <1 0 8/year--the probability of these 

*events occurring simultaneously was considered to be negligible.  

Success Criteria. Success criteria are not applicable to a reactor vessel rupture event 
because reactor vessel rupture always-results in core damage and a vulnerable containment.

Reactor Vessel Rupture Event Tree. The event tree for reactor vessel rupture is shown 
in Figure 3.1.4.28. The top events shown in the event trees-are defined as follows: 

Reactor Vessel Rupture Initiator (R). A reactor vessel rupture occurs.  

Low-Head Safety Injection (LHI). Successful low-head safety injection implies that at least 
• one RHR'pumpoperates. The pump is therefore available for containment pressure control 

via containment spray recirculation when RWST water is depleted. Failure requires that 
alternative methods of containment pressure control be established.  

Containment Fan Coolers (CFC). Success of the fan coolers in removing containment 
decay-heat implies that at least three fan coolers operate in their emergency mode, together 
with two essential service water pumps.  

Containment Spray System (CSS). Success implies adequate RWST inventory and the use 
of at least one containment spray pump to provide early containment decay-heat removal.  
Continued containment spray operation after RWST depletion can be achieved by diverting a 
portion of the flow of long-term recirculation core cooling to the containment spray headers.  

Containment Spray Recirculation Decay Heat Removal via Recirculation (CSR1) or 
RHR pumps (CSR2). Containment spray recirculation decay heat removal is considered only 
for reactor vessel rupture sequences involving a failure of fan coolers to provide long-term
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containment decay heat removal. Success implies that the operator switches to containment 
spray recirculation once the RWST inventory reaches a low-low level. Thereafter, a 
recirculation or RHR pump can remove long-term containment decay-heat by taking suction 
from the recirculation or containment sump and discharging water through a RHR heat 
exchanger to the containment spray headers. At least one. component cooling water (CCW) 
system pump and one non-essential service water pump are needed to provide heat sinks for 
the RHR heat exchanger.  

Sequences. Accident sequences initiated by reactor vessel rupture result in core damage 
and a vulnerable containment. Containment pressure control is possible, however. In 
defining a sequence, a slash (/) preceding an event designator indicates the event is a success.  
Asterisks (*) separates the event. designators.  

Sequence R-1: R*/LHI*/CFC. The reactor vessel ruptures (R). At a 1720-psig pressurizer 
pressure or high (3.0 psig) or high-high (22 psig) containment pressures, a safety injection 
actuation signal is given that initiates both high- and low-head safety injection pumps. Low
head safety injection pumps inject water into the vessel (/LHI). With containment pressure 
increasing because of the vessel rupture, the fan coolers start in their emergency mode of 
operation to control containment pressure (/CFC).  

Sequences R-2 to R-12. Same as sequence R-1, except that pressure containment control 
*Q using containment fan coolers or long-term containment spray recirculation fails.  

3.1.4.7 Internal Flooding 

In its Generic Letter 88-20 [1], the NRC explicitly requested that internal flooding be 
examined as an event that might initiate a sequence of events leading to core damage. In 
response to this request, a detailed internal flooding analysis was performed as part of this 
study. This analysis is presented in Appendix C. In this section, the scope, methodology and 
conclusions of the internal flooding analysis are summarized. However, because of the 
iterative nature of the analysis and the use of frequency and probability data to eliminate 
various scenarios from detailed consideration, only a limited number of risk-significant event 
trees are described here.  

Scope. The analysis was limited to floods that might contribute to core damage. It was 
therefore restricted to floods in the areas associated with power production: the primary 
auxiliary, control, auxiliary feedwater, diesel generator, turbine, service water, and fuel 
buildings. The analysis considered pipe breaks, and tank, heat exchanger, valve and pump 
failures as causes of the submergence, spraying and splashing of equipment and the exposure 
of equipment to steam. No distinction was made as to the causes of flooding--the data used 
include failures occasioned by fatigue, conventional flaw initiation and growth, the rupture of 
glands, seals, and gaskets, maintenance-induced floods, water hammer, and design and 

A construction errors.
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The scope of the analysis was restricted by the assumption that the plant is initially at full 
power and by the exclusion of LOCAs and ISLOCAs because they are addressed elsewhere in 
-this study.  

Methodology. The methodology used to perform the internal flooding analysis 
comprised three major tasks: 

" Identifying potential plant floods and the areas affected (the flood zones) 

" Defining the flooding scenarios and eliminating those that are unimportant 

" Quantifying important flooding scenarios.  

Identifying potential plant floods and affected areas entailed the identification of flood zones, 
flood sources and systems in each -zone, and flood propagation pathways in and between each 
zone. This information was required to identify flood sources and equipment susceptible to 
'floods. Flooding scenarios that could initiate or contribute to core damage accidents were 
.then identified. Several assumptions were made in assessing the extent and impact of the 
,floods: 

m The source of a flood was assumed to disgorge at full flow rate until its water source is 
exhausted or operators terminate the flow, whichever comes sooner.  

'm Spray and splashing effects are limited to within 30 ft of the source or flood propagation 
pathway.  

w Steam effects are limited to the flood zone in which the steam originates.  

Credit was taken for drains though the possibility of small (: 4-in.) diameter drains being 
blocked was also considered. The impact of floods was predicted using hydraulic calculations 
that determined the height of water reached in each affected flood zone as a function of time.  
Only floods that lead to a sufficient depth of water to cause disabling damage were examined 
further. Probabilistic arguments were also used to select flooding scenarios for further 
.consideration: floods with a predicted frequency of < 1 08 /yr (after taking recovery actions 
into account) were screened out.  

The scenarios that remained after this screening analysis were subjected to a detailed 
quantitative analysis. This analysis entailed the creation of event trees that depict accident 
sequences initiated by flooding that can result in core damage, the calculation of the 
frequency of breaks of the size required to cause flood damage, and the analysis and 
quantification of the event tree.
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Results. Nine potentially significant flooding scenarios were identified from the 
screening analysis. These scenarios were grouped into four sets: 

n Rupture of the non-essential service water header on the 55-ft elevation of the primary 
auxiliary building. This event devolves into a loss-of-component-cooling water event 
coupled with the failure of the RIR pumps (and thus the ability to sustain long-term core 
cooling).  

* The failure of 480-Vac switchgear in the control building switchgear room resulting in 
both a reactor trip and a non-recoverable station blackout event. Damage to the 480-Vac 
switchgear can be caused by: 

- Rupture of the IACCW system in the switchgear room 

- Rupture of the service water system in the switchgear room or the 15-ft elevation 
HVAC room 

- Rupture of the fire protection system in the deluge room adjacent to the switchgear 
'room- or the control building east stairwell 

- Rupture of the city water line in the control building 15-ft elevation HVAC room 
coupled with a failure of the drains.  

" Rupture of fire protection system piping above the entrance to the fire protection system 
in the turbine building above the entrance to the switchgear room. This rupture might 
result in water being sprayed into the switchgear room (where it might cause 
submergence damage) and in spray damage to the 6.9-kV switchgear and MCC-312A, the 
Appendix R diesel generator switchgear.  

' Rupture of the condensate line in the auxiliary feedwater pump room. This event might 
result in the loss of both the auxiliary and main feedwater systems.  

Event trees were constructed for the four sets of flood scenarios. These event trees, their top 
events, and sequence descriptions for the event trees are presented in Appendix C. Significant 
contributions to the core damage frequency are identified in Section 3.3.
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. 3.1.5 PLANT DAMAGE STATE ANALYSIS 

3.1.5.1 Introduction 

This section describes the grouping of dominant accident sequences into "plant damage states" 
(PDSs) or "bins".  

PDSs provide the interface between the front- and back-end analyses--between core-damage 
accident sequences and fission product release categories. In the plant damage state analysis, 
front-end results were grouped ("binned") according to plant characteristics that define the 
status of the reactor, containment, and core cooling systems at the time of core damage. A 
PDS therefore represents a grouping of cut sets that are likely to yield similar accident 
progressions. It defines a unique set of initial conditions for severe accident progressions and 
the attendant challenges to containment integrity.  

PDSs were characterized by the answers to.questions concerning the capabilities of systems to 
limit core damage and thus influence fission product evolution and transport. These questions 
address: 

m RCS pressure during the accident sequence and at vessel breach 

.. The provision of ECCS vessel make-up during the course of the accident 

m The ability to remove heat from the containment 

m The provision of water to the reactor pit after vessel breach 

m The time interval between the failure of a system or the moment its unavailability 
becomes evident and the latest time at which its recovery will-arrest the progress of the 
sequence.  

A specific set of questions were developed for IP3.  

3.1.5.2 Specific Plant Damage State Questions 

Specific plant damage state questions were developed in a two-stage process. First, fifteen 
questions were generated to describe the state of the reactor, containment and ECCS as the 
accident proceeds to core damage. These questions and possible answers are presented in 
Table 3.1.5.1. While the total number of PDSs would be very large if all combinations of 
answers to the questions presented in Table 3.1.5.1 represented unique PDSs, some 
combinations are illogical and thus were eliminated. Then, in the second stage of developing 
plant damage state questions, knowledge of the cut sets and dominant failures allowed for 

A further simplification of the questions and a reduction in their number.
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Table 3.1.5.1 

Questions for Plant Damage State Definitions

Question
4

(I) What is the initiating event? 

(2) Is the containment bypassed? 

(3) Is offsite power available? 

(4) Is onsite power available? 

(5) Is high pressure injection available? 

(6) Is low pressure injection available? 

(7) Status of RCS pressure?

Possible Answers

" Large LOCA 
" Intermediate LOCA 
" Small LOCA 
" Small-small LOCA 
" Loss of offsite power 
" Loss of main feedwater 
" Turbine trip with main feedwater available 
" Main steamline break inside containment 
* Main steamline break outside containment 
" Anticipated transient without scram 
" Steam generator tube rupture 
" Loss of component cooling water 
" Loss of service water 
" Loss of ac bus 5A 
" Loss of ac bus 6A 
" Loss of dc power panel 31 
* Loss of dc power panel 32 
" Loss of switchgear room cooling 
* Interfacing system LOCA 
" Vessel rupture 

" Containment not bypassed 
" Containment bypassed 
* Containment bypassed because of interfacing LOCA 
" Containment bypassed because of SGTR 
" Containment bypassed because' of SGTR with a steam generator 

stuck-open relief valve 

* Offsite power available 
" Offsite power not available because of initiator 
" Offsite power not available because of random failure 

" Loss of all onsite power 
" One safeguard bus of onsite power is available 

" High pressure injection to the reactor available/recoverable after the onset 
of core damage 

" High pressure injection to the reactor not available/recoverable after the 
onset of core damage 

" High pressure injection to the reactor 'deadheaded'(available/recoverable 
but no injection because of high RCS pressure) 

" Low pressure injection to the reactor available/recoverable after the onset 
of core damage 

" Low pressure inj-ction to the reactor not available/recoverable after the 
onset of core damage 

" Low pressure injection to the reactor 'deadheaded' (available/recoverable 
but cannot inject because of high RCS pressure) 

* RCS at high-high pressure ( > 2350 psia) 
" RCS at high pressure ( > 2000 & <= 2350 psia) 
" RCS at low-high pressure ( > 200 & < 2000 psia) 
" RCS at low pressure ( < 200 psia)
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Table 3.1.5.1 (continued)

Questions for Plant Damage State Definitions

3-201

Question Possible Answers 

(8) Is RHR available for containment decay heat * RHR not available nor recoverable 
removal? m RHR not available because of loss of SWS 

m RHR not available because of loss of CCW 
a RHR available or recoverable 

(9) Are the containment fan coolers available * Containment fan coolers not available nor recoverable 
for containment decay heat removal? a Containment fan coolers not available because of loss of SWS 

w Containment fan coolers available or recoverable 

(10) Are the containment spray pumps m Containment spray pumps not available nor recoverable 
available for ex-vessel injection? a Containment spray pumps available or recoverable 

* Containment spray pumps operated, but not available because 
of low RWST inventory 

(11) Is containment spray recirculation available w Containment spray recirculation not available nor recoverable 
for ex-vessel injection? w Containment spray recirculation available or recoverable 

w Containment spray recirculation not available because of loss 
of SWS 

(12) What is the containment status? * Containment intact 
w Containment leaking 
* Containment ruptures 

(13) Is containment isolation available? * Containment isolation unavailable 
m Containment isolation available 

(14) When does core damage occur? * Core damage occurs early (< 2 hours) 
m Core damage occurs late (> 2 hours) 

(15) Is auxiliary feedwater available? * Auxiliary feedwater system not available 
n Auxiliary feedwater system is available



The final set of questions and possible answers to each are listed in Table 3.1.5.2. A unique 
identifier was assigned to each answer. This set of questions and the effects that each system, 
or group of systems, may have on fission product evolution and transport will now be W 
discussed in more detail. The questions are: 

[1] Initiating event? The initiating event indirectly affects fission product transport and 
evolution. It impacts the status* operability, and recoverability of many systems and plant 
functions which, in turn, determine thermo-physical conditions that can directly affect 
fission product evolution and transport.  

[2] DC power status? The status of dc power directly affects fission product evolution and 
transport because it affects the availability of the PORVs and steam generator ADVs and 
thus RCS pressure. In addition, in SBO events, it affects the likelihood of ac power 
recovery in both short- and long-term accident sequences.  

[3] PORV status? Failure of the PORVs is defined as a PORV sticking open when thermo
physical conditions or operating procedures require its closure. A stuck-open PORV 
resembles a small-break LOCA in that the RCS depressurizes, and directly affects fission 
product evolution and transport because it will reduce RCS pressure and thus lessen the 
potential for high-pressure melt ejection phenomena.  

[4] RCS pressure? RCS pressure plays an important role in determining fission product 
evolution. RCS pressure affects fission product retention in the RCS and the temperature, 
composition and rate of release of debris from the breached vessel into the reactor pit. In 
addition, the rate of hydrogen generation and total amount generated is greatly affected 
by RCS pressure just prior to vessel breach.  

The division of possible RCS pressures into high, high-low, and low pressure regimes 
accounts for phenomena-induced failures. Elevated RCS pressures at vessel breach can 
result in debris fragmentation and its dispersion into the containment atmosphere with the 
subsequent potential for direct containment heating. In addition, high RCS pressures 
facilitate natural circulation heat transfer from the core to the RCS hot legs and so greatly 
increase the potential for temperature-induced hot leg, surge line and steam generator tube 
failure. If RCS pressure exceeds 2350 psia (high pressure regime), surge line failure is 
almost certain. In contrast, at RCS pressures of less than 2350 psia (low-high and low 
pressure regimes), steam generator tube rupture is unlikely, and, at RCS pressures of less 
than 675 psia (low pressure regime), none of these failures is expected.  

[5] Auxiliary feedwater status? This question addresses the availability of auxiliary 
feedwater flow to the steam generators and thus secondary heat removal. Operation of 
the auxiliary feedwater system prevents RCS repressurization (to pressures exceeding 675 
psia) in accident sequences involving a small/medium breach of RCS integrity.
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Table 3.1.5.2 

Final Plant Damage State Definitions 

PDS Criterion Vector Possible Categories 
I Identifier

(1) Initiating event 

(2) DC power status 

(3) PORV status

A 

SI 

S2 

S3 

TI 

T2 

T3 

T4 

T4/T7 

T5 

T5/T7 

T7 

T7/SORV 

TC 

TB 

TB/IF 

TCCW 

TSWS 

TAC5A 

TAC6A 

TDC31 

TDC32 

TSWGR 

VS2 

VA 

R

Large LOCA 

Intermediate LOCA 

Small LOCA 

Small-small LOCA 

Loss of offsite power 

Loss of main feedwater 

Turbine trip with main feedwater available 

Main steamline break inside containment (MSLBIC) 

MSLBIC-induced SGTR 

Main steamline break outside containment (MSLBOC) 

MSLBOC-induced SGTR 

Steam generator tube rupture 

SGTR with stuck-open steam generator SRV 

Anticipated transient without scram 

Station blackout 

Station blackout induced by internal flooding 

Loss of component cooling water 

Loss of service water 

Loss of ac bus 5A 

Loss of ac bus 6A 

Loss of dc power panel 31 

Loss of dc power panel 32 

Loss of switchgear room cooling 

Small interfacing system LOCA 

Large interfacing system LOCA 

Vessel rupture 

Loss of all dc power 

At least one division of dc power is available 

No stuck-open PORV 

At least one PORV sticks open
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Table 3.1.5.2 (continued) 

Final Plant Damage State Definitions 

PIDS Criterion Vector Possible Categories 
____________________________ I identifier I_______________________________________

(4) RCS pressure

(5) Auxiliary Feedwater status 

(6) High-head flow to vessel 
status 

(7) Low-head flow to vessel 
status 

(8) Containment heat removal 

(9) Containment status 

(10) Timing

RCS at high pressure (>2350 psia) at the onset of core damage 

RCS at low-high pressure (23 501. pressure >675 psia) at the onset of core 
damage 

RCS at low pressure (< 675 psia) at the onset of core damage 

Auxiliary feedwater to the steam generators recoverable after the onset of core 
damage if ac power is restored 

Auxiliary feedwater to the steam generators available at the onset of core 
damage 

Auxiliary feedwater to the steam generators not recoverable after the onset of 
core damage 

High-head flow to the reactor recoverable after the onset of core damage if ac 
power is restored 

High-head flow to the reactor is available after the onset of core damage 

High-head flow to the reactor not recoverable after the onset of core damage 

Low-head flow to the reactor recoverable after the unset of core damage if ac 
power is restored 

Low-head flow to the reactor is available after the onset of core damage 

Low-head flow to the reactor not recoverable after the onset of core damage 

Low-head injection flow fails prior to core damage, but recirculation low-head 
cooling is available to the reactor after the onset of core damage 

Fan coolers and RHR heat exchangers are operable after the onset of core 
damage if ac power is restored.  

Fan coolers and RHR heat exchangers are operable after the onset of core 
damage 

Fan coolers are operable after the onset of core damage, but RHR heat 
exchangers are unavailable 

Fan coolers are unavailable after the onset of core damage, but RHR heat 
exchangers are available 

Fan coolers and RI-R heat exchangers are unavailable after the onset of core 
damage 

Containment intact before the onset of core damage 

Containment leaking before the~onset of core damage 

Containment ruptures before the onset of core damage 

Core damage occurs in the short term (<-2 hours) 

Core damage occurs in the long term ( > 2 hours)
_________________ J. _____ I ____________________________________
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* [6] Status of high-head flow to vessel? This question addresses the availability and 
recoverability of high-head core-coolant injection systems after the onset of core damage.  
The recovery of high-head flow may arrest core melt progressions and so make vessel 
breach highly unlikely. In addition, high-head flow used for ex-vessel injection will 
arrest or reduce core-concrete interactions that result in the release of radionuclides and 
non-condensible and combustible gases.  

[7] Status of low-head flow to vessel? This question addresses the availability and 
recoverability of low-head core-coolant injection systems after the onset of core damage.  
The impacts of the recovery of low- and high-head flow are similar.  

[8] Containment heat removal systems? This question addresses the availability and 
recoverability of the containment heat removal systems: the RHR system and containment 
fan coolers.  

[9] Containment status? The structural integrity of the containment before core damage 
occurs plays an important role in determining fission product evolution: if the 
containment fails before core damage occurs, the release of fission products to the 
environment is generally greater.  

[10] Timing? This question addresses whether core damage occurs in the "short" or "long" 
term. Short term generally applies to accident sequences in which the core damage 
starts within 2 hours. "Long term" generally applies to accident sequences in which the 
damage starts after 2 hours. Accident timing affects numerous severe accident 
progression phenomena, including the rate of decay heat generation and the operability 
of important safety and mitigating systems. Hence, accident timing plays a major role 
in determining severe accident progression.  

In evaluating the sequences and cut sets, recovery from random mechanical faults that fail 
systems was not considered. Systems that fail because of support system faults (e.g., loss of 
electric power) are recoverable, however, once the support system itself is restored, provided 
no permanent damage was caused.  

3.1.5.3 Results 

The set of questions described in Table 3.1.5.2 was applied to the cut sets derived for accident 
sequences that result in core damage. Each cut set (or group of cut sets) with a unique set of 
characteristic answers to the questions defines a PDS--the responses to the questions are 
represented as vectors in which the answers to each question are separated by hyphens. On 
occasion, if a question was inapplicable, no category was included within the PDS vector 
(e.g., onsite ac power status was included only where offsite ac power fails). Finally, unique 
PDS vectors are assigned unique identifiers (e.g., PDS-1, PDS-2).
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The PDSs determined from the 98 accident sequences found to be dominant after 
quantification are summarized in Table 3.1.5.3. The dominant cut sets responsible for each 
plant damage state are listed in Appendix 1.  

Plant Damage State PDS-1 (TB/IF-DCI-nP-RX1-F3-H3-L3-R5-CT1-ST) 

This PDS is initiated by an internal flood inside the control building switchgear room and 
results in a flood-induced station blackout transient (TB/IF). Loss of all dc power occurs in 
the long term (DC1). No PORVs stick open (nP). Secondary cooling by the auxiliary 
feedwater system is unavailable because the flood-induced SBO renders both motor-driven 
AFW pumps inoperable, and the steam-turbine-driven AFW pump fails because of random 
mechanical faults (F3). With no primary or secondary cooling, core damage occurs in the 
short term (ST) with the RCS at high pressure (RX1). The containment remains intact prior 
to core damage (CT1). Because the flood renders all safety-related 480-Vac switchgear 
inoperable, both high- and low-pressure vessel injection and containment heat removal are 
unavailable after the onset of core damage (H3, L3, and R5).  

Plant Damage State PDS-2 (TB/IF-DCI-nP-RX2-F2-H3-L3-R5-CT1-LT) 

This PDS is initiated by an internal flood inside the control building switchgear room and 
results in a flood-induced station blackout transient (TB/IF). Loss of all dc power occurs in 
the long term (DC1). No PORVs stick open (nP). Although secondary cooling is provided 
(F2), RCS integrity is breached by an RCP seal LOCA. With no RCS make-up, core damage 
ensues in the long term (LT) with the RCS at low-high pressure (RX2). The containment 
remains intact prior to core damage (CT1). Because the flood renders all safety-related 480
Vac switchgear inoperable, both high- and low-pressure vessel injection and containment heat 
removal are unavailable after the onset of core damage (H3, L3, and R5).  

Plant Damage State PDS-3 (TB-DC2-nP-RX1-F1-H1-L1-R1-CT1-ST) 

This PDS is initiated by a station blackout transient (TB). At least one division of dc power 
is available (DC2). No PORVs stick open (nP). The auxiliary feedwater system is unable to 
provide secondary cooling because the SBO renders both motor-driven AFW pumps 
inoperable, and the steam-turbine-driven AFW pump fails because of random mechanical 
faults (F 1). Without primary and secondary cooling, core damage occurs in the short term 
(ST) with the RCS at high pressure (RX1). The containment remains intact prior to core 
damage (CT1). Once ac power is restored, high- and low-pressure vessel injection (HI and 
LI) and containment heat removal (RI) are available or recoverable.
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0
Table 3.1.5.3..  

Internal Events Plant Damage States Summary 

Plant Description PDS Character Vector Dominant Accident Sequence 

Damage 
State 
PDS-I Short-term internal flood induced SBO (TB/IF) TB-DCI-nP-RXI-F3-H3-L3-R5-CTI-ST CB-FLD-19*/PORV*/MCC-312A*/RCP-IoOCA*AI:WI 

sequence in which loss of secondary heat removal CB-FLD43/PORV*/MCC-312A*/RCP-I.OCA*AFWF 

occurs. Core damage results at high RCS pressure. CB-FLD-3*/PORV*/MCC-312A*/RCP-I.OCA*AI:WT 

Because of the flood core cooling and containment heat CB-FLD-5I */PORV*/MCC-312A*/RCP-1OCA*AFWT 

removal are not available after the onset of core CB-FLD-l I */PORV*/MCC-312A*/RCP-I.OCA*AIFWT 

damage. CB-FLD-35/PORV*MCC-312A*/RCP-I.OCA* AF WI 

PDS-2 Long-term internal flood induced SBO (TB/IF) TB-DCI-nP-RX2-F2-H3-L3-R5-CTI-LT CB-FLD-22*/PORV*MCC-312A*/AI WI 

sequence in which an RCP seal LOCA develops before CB-FLD-46*/PORV*MCC-312A*/AF WI 

ac power is (via MCC-312A) restored. Core damage CB-FLD-6*/PORV*MCC-312A*/AFWT 

results at low-high pressure. CB-FLD-20*/PORV*/MCC-312A*RCP-I.OCA*/AIFWI 
CB-FLD-44*/PORV*/MCC-312A* RCP-I.OCA*/AI:WI 

CB-FLD-54*/PORV*MCC-312A*/AF:W F 
CB-FLD-4*/PORV*/MCC-312A*RCP-I.OCA*/AFWI 
CB-FLD- 14*/PORV* MCC-312A*/AFWT 

TBF-l I *C/*BI */PORV*fMCC-312A*RCP-I .OCA*/Al W'I" 

TBF-I3*C/*Bl */PORV*MCC-312A*/AFWT 

PDS-3 Short-term SBO (TB) sequence with immediate loss of TB-DC2-nP-RXI-FI-HI-LI-RI-CTI-ST TI*/C*B2*fP*AFWT*B- IIRS 

secondary cooling. Core damage results at high RCS T3*/C*BI *B2*/P*AFWT*B- IIRS 

pressure. All accident mitigating functions are 

recoverable when offsite power is restored.' 

PDS-4 Long-tem transient involving a loss of feedwater (T2) T2-DC2-nP-RXI-F3-H2-L2-R2-CTI-LT T2*/C*/BI */P*/SL*AFW*/lIlI*I:B-T2*/CI:C 

and subsequent loss of secondary cooling and primary 

bleed-and-feed core cooling. Core damage results at 

high RCS pressure. Late injection, containment heat 

removal, and containment sprays are available.  

PDS-5 Same as PDS-4, except that random mechanical faults T2-DC2-nP-RXI-F3-H2-L2-R4-CTI-LT T2*/C*IBI*/P*/SL*AFW*/IiH*FB-T2*CFC*/CSS 

fail the containment fan coolers. T2*/C*/BI */P*/SL*AFW*/HHI*FB-T2*CFC*CSS 

Accident mitigating functions include coolant injection, containment heat removal, containment isolation, secondary cooling. The availability of these functions after core damage is important in 

determining the ultimate source term created by the accident.



Table 3.1.5.3 (continued) 

Internal Events Plant Damage States Summary

DescriptionPlant 
Damage 

State 

PDS-6 

PDS-7 

PDS-8 

PDS-9 

PDS-10 

PDS-11 

PDS-12

PDS Character Vector

T2-DC2-nP-RXI-F3-H3-L2-R4-CTI -LT 

T3-DC2-nP-RXI-F3-H2-L2-R4-CTI -LT 

T3-DC2-nP-RXI-F3-H3-L2-R4-CTI -LT 

T3-DC2-nP-RX2-F3-H2-L2-R4-CTI -LT 

T2-DC2-nP-RX2-F3-H2-L2-R2-CTI-LT 

T3-DC2-nP-RXl-F3-H2-L2-R2-CT1 -LT 

TAC6A-DC2-nP-RX1-F3-H2-L2-R2-CTI 
LT

___ I ________________ S ____________

Dominant Accident Sequence

T2*/C*/BI */P*/SL*AFW*!lIlI*/OCONI)*CONI)*CF('*CSS 
T2*/C*/BI */P*/SL*AFW*IllII*OCONI)*CFC*CSS 

T3*/C*/Bl */P*/SL*AFW*MFW-T3*/IIlll*FB-TI2*CIC*('SS 
T3*/C*IBI *fP*/SL*AFW*MFW-T3*/l llll*Fl-T[2*CFC*CSS 

T3*/C*IBI */P*/SL*AFW*MFW-13*111 l*/OCONI)*CONI)*(iC*CSS 
T3*/C*IBI */P*/SL*AFW*MFW-T3*IIIlI*OCONt)*CI*('SS 

T3*/C*/BI */P*/SL*AFW*MFW-T3*/ III 1*/113-T2*IC*/(SS* 
OHR-T2 

T3*/C*IBI*IP*/SL*AFW*MFW-T3*I111I*/II-T2*C:('*/(SS* 
OHR-T2*HHIR*HHER" 

T2*/C*/BI */P*/SL*AFW*/IIHI*/FB-T 2*/CI.C*Ol IR- 2 

T2*/C*/B I */P*/SL*AFW*/,lll*/FB-T2*/CFC*/OI IR-12*1 11 IIR* 

HHER 

T3*/C*/BI */P*/SL*AFW*MFW-T3*/IlI ll*FB-1T2*/CFC 

TAC6A*/C*/BI *AFW*MFW*/HHI* FB-TAC6A*/CF-(

Same as PDS-5, except that random mechanical faults 
fail the high-head safety injection pumps.  

Same as PDS-5, except that it is initiated by a turbine 
trip transient.  

Same as PDS-6, except that it is initiated by a turbine 
trip transient.  

Long-term transient initiated by a turbine trip (T2) and 
subsequent loss of secondary cooling and containment 
fan coolers, and failure to initiate recirculation cooling 
in time. Core damage results at low-high RCS 
pressure. Late injection, containment heat removal (via 
the RHR heat exchangers), and containment sprays are 
available.  

Similar to PDS-4, except that following bleed and feed 
core cooling, a failure of long-term recirculation 
cooling occurs. Core damage results at low-high RCS 
pressure. Late injection, containment heat removal and 
containment sprays are available.  

Same as PDS-4, except that it is initiated by a turbine 
trip transient.  

Long-term transient involving a loss of safeguard Bus 
6A (TAC6A) and subsequent loss of secondary and 
primary bleed-and-feed core cooling. Core damage 
results at high RCS pressure. Late injection, 
containment heat removal, and containment sprays are 
available.

Dominant Accident Sequence



Table 3.1.5.3 (continued) 4 

Internal Events Plant Damage States Summary

Plant Description PDS Character Vector Dominant Accident Sequence 

Damage 
State 

PDS-13 Long-term transient involving a loss of dc power panel TDC32-DC2-nP-RXI-F3-H2-L2-R2-CTI-LT TDC32-2*/C*/BI */P*AFW 

32 (TDC32) and subsequent loss of secondary cooling 

and primary bleed-and-feed core cooling. Core damage 

results at high RCS pressure. Late injection, 

containment heat removal, and containment sprays are 

available.  

PDS-14 Same as PDS-13, except that failure of containment TDC32-DC2-nP-RXI-F3-H2-L2-R4-CTI-LT TDC32*/C*/BI*/P*AFW*CFC*CSS 

fan coolers occurs. However, containment heat TDC32*/C*/BI *fP*AFW*CFC*/CSS 

removal is still available (via the RHR heat 
exchangers).  

PDS-15 Same as PDS-14, except that dc power panel 31 fails. TDO3I-DC2-nP-RXI-F3-H2-L2-R4-CTI-LT TDC3I*/C*/BI*/P*AFW*CFC*CSS TDC31 */C*/B I */P* AFW*CFC*/CSS 

PDS-16 Same as PDS-13, except that dc power panel 31 fails. TDC31-DC2-nP-RXI-F3-H2-L2-R2-CTI-LT TDC3I-2*/C*/B I*/P*AFW 

PDS-17 This PDS is similar to PDS-10, except that it is T3-DC2-nP-RX2-F3-H2-L2-R2-CTI-LT T3*/C*/BI */P*/SL* AFW *MFW-T3 */1 /I -12 /CF (" 

initiated by a turbine trip transient (T3) and following OHR-T2 

bleed-and-feed core cooling, a failure of long-term 

recirculation cooling occurs. Core damage results at 

low-high RCS pressure. Late injection, containment 

heat removal and containment sprays are available.  

Long-term transient involving a loss of offsite power TI -DC2-nP-RXI -F3-H2-L2-R2-CTI -LT TI */C*/B2*/P*/SL*AFW*/HI*FB-TI */CFC 

PDS-18 (TI) and subsequent loss of secondary cooling and 

primary bleed-and-feed core cooling. Core damage 

results at high RCS pressure. Late injection, 

containment heat removal, and containment sprays are 

available.  

Same as PDS-18, except that it following bleed-and- TI-DC2-nP-RX2-F3-H2-L2-R2-CTI-LT TI */C*/B2*fP*/SL*AFW*/tilll*/FB-Ti */CFC*OIIR-T2 

PDS-19 feed core cooling, a failure of long-term recirculation 

cooling occurs.



Table 3.1.5.3 (continued) 

Internal Events Plant Damage States Summary

Plant Description PDS Character Vector Dominant Accident Sequcnce 
Damage 

State I 

PDS-20 Same as PDS-9, except that it is initiated by a loss of T2-DC2-nP-RX2-F3-H2-L2-R4-CTI-LT T2*/C*/BI*/P*/SL*AFW*/1llI*/FB-T2*CFC*/CSS*O IR-T2 

main feedwater transient.  

PDS-21 Long-term transient involving a loss of feedwater (T2) T2-DC2-nP-RX2-F3-H3-L3-R3-CTI -LT T2*/C*/BI */P*/SL*AFW*/i IHI*/FBr2,/CiF(*/Ol IR-_T2* 

and subsequent loss of secondary cooling. Although HHIR+HHIER 
bleed and feed core cooling is successful, core damage 
results on loss of recirculation cooling. Core damage 
proceeds at low-high RCS pressure with late injection 
and containment heat removal are available.  

PDS-22 Short-term ATWS (TC) event that leads to early core TC-DC2-nP-RXI-F2-H2-L2-R2-CTI-ST T3*C*/MFW*/P*LTS 

damage following loss of long-term reactivity control. T3*C*MFW*rffI*/AFW*/MRI*/PR-MRI*/,* 11 S 
Late injection, containment heat removal, and T2*C*/MFW*/P*LTS 
containment sprays are available.  

PDS-23 Long-term small LOCA (S2) with loss of recirculation S2-DC2-nP-RX2-F2-H2-L2-R2-CTI-LT S2*/C*IBI*/AFW*/HHI*/CFC*/ODEPR-S2*OI.R-S2 
cooling. Core damage results at low-high RCS S2*/C*IBI */AFW*/Illil*/CFC*o)FPR-S2*OuIR-S2 
pressure. Late injection and containment heat removal T3*/C*/B I */P*SL*/AFW*/tIIi*/CFC*/O[)F:PR-S2*I .R-S2 

are available. T2*/C*/BI */P*SL*/AFW*fIIlHI*/CFC*/O)1l.PR-S2*OI R-S2 
TI */C*B2*/P*/AFWT*/ODEP-SBO*/B-13Apl*/SI.-NCI*/A 
FW*/HHI*/CFC*/ODEPR-S2*OLR-S2 
V*VB-ISLOCA<6"*VL-INTSIDE-VC*VRIRC 

PDS-24 Same as PDS-23, except that random mechanical faults S2-DC2-nP-RX2-F2-H2-L3-R5-CTI-LT S2*/C*/BI */AFW*/IIHI*CFC*/CSS*/OI)FPR-S2*/()I.R-S2* 

fail long-term recirculation core cooling and LHIR*LIIER 
containment fan coolers operation.  

T3*/C*/BI*P*/AFW*/fllI*CFC*/CSS*/OI)EPR-S2*/OI.R-S 

2*LHIR*LHER 

T3*/C*/BI*P*/AFW*/Htlll*CFC*CSS*/ODEPR-S2*/OI.R-S2 
*LHIR*LHER 

A*/BI */ACC*tllI*/LilI*/CFC*/OI R-A*/1. 111R* II R 

T2*/C*/B I *P*/AFW*/Illl*CFC*CSS*/OIJEPR-S2 */OIR-S2 
LItlR*LIIER

0
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Table 3.1.5.3 (continued) 

Internal Events Plant Damage States Summary

Plant Description PDS Character Vector Dominant Accident Sequence 

Damage 
State 

PDS-25 Short-term intermediate LOCA (SI) with loss of SI -DC2-nP-RX2-F2-H2-L2-R2-CTI -ST SI*/BI */IIlI */AFW*/ACC*/CFC*/ODEPR-S I OIoR-S I 
recirculation cooling. Core damage results at low-high S I*/BI */tlIll*/AFW*/ACC*/CFC*OI)EPR-S I OIR-S I 
RCS pressure. Late injection and containment heat 
removal are available.  

PDS-26 This PDS is similar to PDS-24, except that it is SI-DC2-nP-RX2-F2-H2-L3-R5-CTI -ST S I */B I */HHI*/AFW*/ACC*CFC*CSS*/Oi)EPR.S I -OIR-S I 
initiated by an intermediate LOCA (SI).  

PDS-27 Short-term large LOCA (A) with loss of recirculation A-DC2-nP-RX3-F2-H2-L2-R2-CTI-ST A*/BI*/ACC*/IIHI*/CFC*OLR-A 

cooling occurs. Core damage results at low RCS A*/BI*/ACC*/I'IiI*/CFC*/OLR-A*/IIIR*III-R 
pressure. Late injection and containment heat removal V*VB-ISLOCA>6"*VL-INSIDE-VC*VRIRC 
are available.  

PDS-28 Short-term large LOCA (A) with loss of initial injection A-DC2-nP-RX3-F2-H3-L4-R4-CTI-ST A*/BI */ACC* III*LiliCFC*/CSS 
core cooling and containment fan coolers. Core damage A*/BI*/ACC*IIli*LIII*CFC*CSS 
results at low RCS pressure. Late injection, and 
containment heat removal via the RHR heat exchangers 
are available.  

PDS-29 Same as PDS-28, except that random mechanical faults A-DC2-nP-RX3-F2-H3-L3-R5-CTI-ST A*/BI*/ACC*fIil*/LltI*CFC*/CSS*/OulR-A*I 111R*1 IlIR 
fail both the recirculation pumps and RHR pumps for A*/BI*/ACC*Illll*/I.ill*CFC*CSS*/OI.R-A*I IIR*I.II.R 

recirculation cooling. Long-term containment heat 
removal is unavailable.  

PDS-30 Same as PDS-28, except that initial core cooling from A-DC2-nP-RX3-F2-H3-L2-R4-CTI-ST A*/BI*/ACC*tiHI*/LHI*CFC*/CSS*/OLR-A*/I.1IIR*/CSIR* 
the low-head RHR pumps is provided. HLR 

A*/BI*/ACC*/ItflI*/LHI*CFC*/OLR.A*/LI IIR*IILR 

A*/B I /ACC*HHI*/LHI*CFC*CSS*/OI.R-A*fLIIR*/CSIR* 
ltLR 

A*/BI*/ACC*HlI*/LLII*CFC*/CSS*OI R-A



Table 3.1.5.3 (continued) 

Internal Events Plant Damage States Summary

Description PDS Character Vector

-I I I
PDS-31 

PDS-32 

PDS-33 

PDS-34 

PDS-35

A-DC2-nP-RX3-F2-H2-L3-R5-CTI-ST 

A-DC2-nP-RX3-F2-112-L3-R3-CTI -ST 

R-DC2-nP-RX3-F2-tt2-L2-R2-CTI -ST 

A-DC2-nP-RX3-F2-H3-L4-R2-CTI -ST 

R-DC2-nP-RX3-F2-H2-L2-R4-CTI-ST

_______ a ____________________________________ ___________________________ £

Plant 
Damage 

State

Dominant Accident Sequence 

A*/BI */ACC*/IIIlI*CFC*/CSS*/O[R-A ,IlIR, I .IR 

A*/BI */ACC*/IffhI*/CFC*/OLR-A* 1111R* II I1:R 

T4*/C*/BI *fI'SGTR*/AI:W*MSGI-'[4*/Ill*RV-T4 */I .IPI* 
/CFC 

T5*/C*/BI *fTSGTR*/AFW*MSIV-2*/Iiil*RV-T 'I 51II*CI: 
C*CSS*/CSRI 

A*/BI */ACC*HII*lI.Il*/CFC 

T4*/C*/BI*!fSGTR*/AFW*MSGI'4*/IIIRV.T4, 
/LtII*CFC*/CSS*/CSRI

Short-term large LOCA (A) event with containment fan 
coolers and loss of long-term recirculation cooling 
failure because of random faults. Core damage occurs 
with the RCS at low pressure. Late injection from the 
high-head pumps is available after the onset of core 
damage. Although containment spray (injection mode 
via the RWST) is available, long-term containment heat 
removal by the containment fan coolers or RHR heat 
exchangers is unavailable.  

Same as PDS-27, except that failure of recirculation 
cooling is caused by random mechanical faults of the 
recirculation and RHR systems. Containment heat is 
removed by the containment fan coolers.  

Same as PDS-27, except that is it initiated by a main 
steamline break and vessel rupture event (R).  

Short-term large LOCA (A) with loss of initial injection 
core cooling. Core damage results at low RCS pressure.  
Late injection is available from the recirculation pumps.  
Containment heat is removed by the containment fan 
coolers or RHR heat exchangers.  

Same as PDS-27, except that is it initiated by a main 
steamline break and vessel rupture event (R) and 
subsequent loss of the containment fan coolers.
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Table 3.1.5.3 (continued) 

Internal Events Plant Damage States Summary

Plant Description PDS Character Vector Dominant Accident Sequence 

Damage 
State 

PDS-36 Long-term small LOCA (S2) event accompanied by S2-DC2-P-RX2-F2-H2-L3-R3-CTI-LT T3*/C*/BI *P*/AFW*/IlHlI*/CFC*/ODEPR-S2*/O R-S2* 

random mechanical faults that fail long-term LIUR*LHER 

recirculation core cooling. Core damage results at 
low-high RCS pressure (RX2). Late injection is T2*/C*/BI *P*/AFW*/ttHI*/CFC*/ODEPRS2,/OLR-S2, 

available from the high-head pumps after the onset of LIIIR*LHER" 

core damage. Because the RHR heat exchangers are 
unavailable, containment heat is removed by the 
containment fan coolers.  

PDS-37 Short-term ATWS (TC) event that results in a LOCA TC-DC2-nP-RX3-F2-H2-L2-R2-CTI-ST T2*C*MFW*fTr*/AFW*IMRI*PR-MRI 

beyond ECCS capability. Late injection, containment r 2*C*MFWfI-F*/AFW*MRi*PR-MRI 

heat i:moval, and containment sprays are available. T3*C*MFW*/l-'*/AFW*/MRI*PR-MRI 

PDS-38 Long-term small RCP seal LOCA (S2) with loss of S2-DC2-nP-RX2-F3-H2-L2-R4-CTI-LT T2*/C*/BI*/P*SL*AFW*IiHI*CFC*CSS 

secondary cooling, primary bleed and feed and S2*/C*/BI *AFW*/IltII*FB-S2*CFC*/CSS 

containment heat removal from the containment fan T2*/C*/BI */P*SL*AFW*/1ltlI*FB-S2*CFC*/CSS 

coolers. Core damage results at low-high RCS 

pressure. Late injection and containment heat removal 
arc available.  

PDS-39 Same as PDS-25, except that random mechanical faults SI-DC2-nP-RX2-F2-H2-L2-R4-CTI-ST SI*/BI*/IHH*/AFW*/ACC*CFC*/CSS*/ODEPR-SI* 

fail the containment fan coolers. OLR-S I 

PDS-40 Same as PDS-27, except that random mechanical faults A-DC2-nP-R.X3-F2-H2-L2-R4-CTI -ST 
fail the containment fan coolers.  

PDS-41 Long-term small break interface system LOCA occurs VS2-DC2-nP-RX2-F2-H2-L2-R3-CTI-LT V*ISLOCA<6'OUTSIDE VC*NRIC*/AFW*/IlIIVISo 

outside containment. Core damage results at low-high V*ISLOCA<6*OUTSIDE VC*VRIC 

RCS pressure with a bypassed containment.  

PDS-42 Short-term large break interface system LOCA occurs VA-DC2-nP-RX3-F2-H3-L3-R3-CTI-ST V*ISLOCA>6*OUTSIDE VC*NRIC*VISO 

outside containment. Core damage results at low RCS V*ISLOCA>6*OUTSIDE VC*VRIC 

pressure with a bypassed containment.



Table 3.1.5.3 (continued) 

Internal Events Plant Damage States Summary

Plant Description PDS Character Vector Dominant Accident Sequence 
Damage 

State 

PDS-43 Long-term transient involving an SGTR (T7) with a T7-DC2-nP-RX2-F2-H2-L2-R3-CTI-LT T7*/C*/BI*/Itlll,/AFW,/SGISOORIS.L,/CFC 
failure to perform RCS cooldown and depressurization. T5*/C*/BI *TSGTR-3*/WRWST*ORCS-MSLB 
Core damage results at low-high RCS pressure with a T5*/C*/BI*TSGTR-2*/WRWST*/ORCS-MSI-B*RIIR-SI) 

bypassed containment. T5*/C*/BI *TSGTR-3*/WRWST*ORCS-MSI .B 
T5*/C*/Bi *TSGTR-6*WRWST*ORCS-MSI.11 
TS*/C*/B i *TSGTR-3*/WRWST*ORCS-MSIB 

PDS-44 Long-term transient involving an SGTR (T7) with a T7/SORV-DC2-nP-RX2-F2-H2-L2-R3- T7*/C*BI*/B2*/ItliI*/AFW*/SGISO*ORCS.L./CFC 
failure to isolate the ruptured steam generator. CTI -LT 
Subsequently, RHR shutdown cooling fails. Because T7*/C*/BI */IHII*/AFW*SG-OVERFILI.*/ORCS-I * 

RCS pressure remains above the ruptured steam PRZRSPR*/PORV*IPSGTR*RIR-SD*NRWSTU-S(I R 

generator pressure, core damage results at low-high 
RCS pressure. T7*/C*/B I */HHI*/AFW*SG-IIARDWARE*ORIS-t*/Cl]C 

PDS-45 Long-term transient involving an SGTR (T7) with loss T7-DC2-nP-RXI-F3-tH2-L2-R2-CTI-LT T7*/C*/Bl*/tlHil*AFW*FR-SGTR*/CI:C 
secondary cooling and primary bleed-and-feed core 
cooling. Core damage results at high RCS pressure.  
Late injection, containment heat removal, and 

containment sprays are available. However, the 
containment is bypassed.  

PDS-46 Same as PDS-27, except that random mechanical faults A-DC2-nP-RX3-F2-H3-L2-R2-CTI-ST A*/BI */ACC*HHI*/Ljil*/CFC*OLR-A 
fail the high-head safety injection system.  

PDS-47 Same as PDS-23, except that random mechanical faults S2-DC2-nP-RX2-F2-H2-L2-R4-CTI-LT T2*/C*/BI*/P*SL*/AFW*/HiI*CFC*/CSS*/ODEPR-S2, 

fail the containment fan coolers. OLR-S2



Table 3.1.5.3 (continued) 

Internal Events Plant Damage States Summary

Plant Description PDS Character Vector Dominant Accident Sequence 

Damage 
State 

PDS-48 Long-term SBO (TB) sequence in which an RCP seal TB-DC2-nP-RX2-F2-H2-L2-R2-CTI-LT TI */C*B2*/P*/AFWT*/ODEP-SBO*/B-BATr*sL-CtJ 

LOCA develops. Core damage results at low-high 
pressure. Late injection and containment heat removal, 
are available.  

PDS-49 Long-term SBO sequence with loss of secondary TB-DC2-nP-RXI-FI-HI-LI-RI-CTI-LT TI */C*B2*/P*/AFWT*/ODEP-SBO*B-BATT 

cooling from the turbine-driven AFW pump. Core 

damage results at high RCS pressure. All accident 

mitigating functions arc recoverable when offsite power 
is restored.* 

PDS-50 Same as PDS-2, except that a single PORV sticks open TB/IF-DCI-P-RX2-F2-H3-L3-R5-CTI-LT CB-FLD-8*PORV*/AFWT 

(P). Core damage results at low-high RCS pressure.  

Late high- and low-pressure vessel injection and 

containment heat removal are unavailable after the 

onset of core damage.  

PDS-51 Same as PDS-I, except that a single PORV sticks open. TB/IF-DCI-P-RX2-F3-H3-L3-R5-CTI-LT CB-FLD-24*PORV*AFWT 

Core damage results at low-high RCS pressure.  

PDS-52 Long-term station blackout transient (TB) with a stuck- TB-DC2-P-RX2.FI-HI-Li-RI-CTI-LT T1*/C*B2*P*/AFWT*B-2 51IRS 

open PORV. Core damage results at low-high RCS 

pressure. All accident mitigating functions are 

recoverable when offsite power is restored.' 

PDS-53 Same as PDS-23, except that random mechanical faults S2-DC2-nP-RX2-F2-H2-L3-R3-CTI-LT S2*/C*/Bi*/AFW*/IIHI*/CFC*/ODEPR-S2*/OI.R-S2*LIIIR 

that long-term recirculation core cooling. *LHER 

Containment heat is removed by the containment fan 

coolers.



Table 3.1.5.3 (continued) 

Internal Events Plant Damage States Summary

0

Plant Description PDS Character Vector Dominant Accident Sequence 

Damage 

State 

PDS-54 Same as PDS-53, except that it is initiated by an SI-DC2-nP-RX2-F2-H2-L3-R3-CTI-ST Si */BI */III II */AFW*/ACC*/CFC*/ODEPR-S I*LtiIR* IIER 

intermediate LOCA (SI).  

PDS-55 Same as PDS-24, except that no PORV sticks open S2-DC2-nP-RX2-F2-H2-L3-R5-CTI-LT T3*/C*/BI */P*SL*/AFW*/HHI*CFC*/CSS*/ODEIR-S2* 

(nP). /OLR-S2*LHlR*LHER 

S2*/C*iBI */AFW*/IilIl*CFC*CSS*/ODEIR-S2* 

/OLR-S2*LItIR*LIIER 

PDS-56 Same as PDS-4, except that it is initiated by a loss of TA-DC2-nP-RXI-F3-H2-L3-R3-CTI-LT TAC6A*/C*/BI *AFW*MFW*/ttll*/FB-TAC6A*/CI:C* 

safeguard bus 6A transient (TA) and random LIIIR*LIIER 

mechanical faults that fail long-term recirculation core 
cooling (L3).  

PDS-57 Same as PDS-20, except that it is initiated by a loss of TCCW-DC2-nP-RX2-F3-H2-L3-R4-CTI-LT TSWS*SWSBRKNONESSFNTIAL*/P*/SI.OCA-CCW* 

non-essential service water to the component cooling AFW*/Ilifl*FB-TCCW*CFC*/CSS 
water system (TCCW) and random mechanical faults 

that fail long-term recirculation core cooling (L3).  

PDS-58 Same as PDS-57, except that the operator fails to TCCW-DC2-nP-RXI-F3-H2-L2-R4-CTI-LT TSWS*SWSBRK-NON-ESSEN11AL*/P*/SI.OCA-UCCW* 
initiate bleed-and-feed cooling. Core damage results at AFW*/IIHI*FB-TCCW*CFC*/CSS 

high RCS pressure. Late injection and containment 

heat removal are available.  

PDS-59 Same as PDS-58, except that random mechanical faults TCCW-DC2-nP-RXI-F3-H3-L2-R4-CTI-LT TSWS*SWSBRK-NON-ESSENTIAL*/P*/SLOCA-TCCW* 

fail the high-head safety injection system (H3). AFW*I1II*CFC*CSS



Plant Damage State PDS-4 (T2-DC2-nP-RX1-F3-H2-L2-R2-CT1-LT)

This PDS is initiated by a loss of main feedwater transient (T2) with a loss of secondary (F3) 
and primary (bleed-and-feed) cooling. At least one division of dc power is available (DC2).  
No PORVs sticks open (nP). Unable to depressurize the RCS, high RCS pressure precludes 
.high- and low-head safety injection. Core damage results in the long term (LT) with the RCS 
at high pressure (RX1). While late injection is available, the pumps are deadheaded (H2 and 
L2). Containment heat is removed by containment fan coolers units or the RHR heat 
exchangers (R2). The containment remains intact prior to core damage (CT1).  

Plant Damage State PDS-5 (T2-DC2-nP-RX1-F3-H2-L2-R4-CT1-LT) 

This PDS is the same as PDS-4, except that, because the containment fan coolers are 
unavailable, containment heat is removed by the RHR heat exchangers (R4).  

Plant Damage State PDS-6 (T2-DC2-nP-RX1-F3-H3-L2-R4-CT1-LT) 

This PDS is the same as PDS-5, except that random mechanical faults render the high-head 
safety injection system unavailable (H3).  

Plant :Damage State PDS-7 (T3-DC2-nP-RX1-F3-H2-L2-R4-CT1-LT) 

This PDS is the same as PDS-5, except that it is initiated by a turbine trip transient (T3).  

Plant Damage State PDS-8 (T3-DC2-nP-RX1-F3-H3-L2-R4-CT1-LT) 

This PDS is the same as PDS-6, except that it is initiated by a turbine trip transient (T3).  

Plant Damage State PDS-9 (T3-DC2-nP-RX2-F3-H2-L2-R4-CT1-LT) 

This PDS is initiated by a turbine trip (T3) and subsequent loss of secondary cooling (F3).  
At least one division of dc power is available (DC2). No PORVs stick open (nP). Core 
cooling is provided by bleed-and-feed operation, until a failure to initiate recirculation core 
cooling after RWST depletion occurs. RCS boiloff and core damage ensue, core damage 
resulting in the long term (LT) with the RCS at low-high pressure (RX2). Late injection is 
available (H2 and L2). Because the containment fan coolers are unavailable, containment heat 
is removed by the RHR heat exchangers (R4). The containment remains intact prior to core 
damage (CT 1).
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Plant Damage State PDS-10 (T2-DC2-nP-RX2-F3-H2-L2-R2-CT1-LT)

This PDS is initiated by a loss of main feedwater transient (T2) with a loss of secondary (F3).  
At least one division of dc power is available (DC2). No PORVs sticks open (nP). Core 
cooling is provided by bleed-and-feed operation,until a failure to initiate recirculation core 
cooling after RWST depletion occurs. Core damage results in the long term (LT) with the 
RCS at low-high pressure (RX2). Late injection is available (H2 and L2). Containment heat 
is removed by containment fan coolers units or the RHR heat exchangers (R2). The 
containment remains intact prior to core damage (CT1).  

Plant Damage State PDS-11 (T3-DC2-nP-RX1-F3-H2-L2-R2-CT1-LT) 

This PDS is the same as PDS-4, except that it is initiated by a turbine trip transient (T3).  

Plant Damage State PDS-12 (TAC6A-DC2-nP-RX1-F3-H2-L2-R2-CT1-LT) 

This PDS is the same as PDS-4, except that it is initiated by a loss of safeguard bus 6A 
transient (TAC6A) 

Plant Damage State PDS-13 (TDC32-DC2-nP-RX1-F3-H2-L2-R2-CT1-LT) 

This PDS is initiated by a loss of 125-Vdc bus 32 power panel (TDC32) accompanied by a 
loss of secondary cooling (F3). Because the initiating event fails a PORV (PCV-455C), 
bleed-and-feed core cooling with high-head safety injection is precluded. Unable to 
depressurize the RCS for low-head injection, RCS boil-off occurs at the PORV setpoint. Core 
damage results in the long term (LT) with the RCS at high pressure (RX1). While late 
injection is available, the pumps are deadheaded (H2 and L2). 'Containment heat is removed 
by containment fan coolers units or the RHR heat exchangers (R2). The containment remains 
intact prior to core damage (CT 1).  

Plant Damage State PDS-14 (TDC32-DC2-nP-RX1-F3-H2-L2-R4-CT1-LT) 

This PDS is similar to PDS-13, except that containment fan coolers fail. Therefore 
containment heat is removed by the RHR heat exchangers (R4).
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,,Plant Damage State PDS-15 (TDC31-DC2-nP-RX1-F3-H2-L2-R4-CT1-LT) 

This PDS is similar to PDS-14, except that it is initiated by a loss of 125-Vdc bus 31 power 
panel (TDC31).  

Plant Damage State PDS-16 (TDC31-DC2-nP-RX1-F3-H2-L2-R2-CT1-LT) 

-This PDS is similar to PDS-13, except that it is initiated by a loss of 125-Vdc bus 31 power 
panel (TDC3 1).  

Plant Damage State PDS-17 (T3-DC2-nP-RX2-F3-H2-L2-R2-CT1-LT) 

This PDS is similar to PDS-10, except that it is initiated by a turbine trip transient (T3).  

Plant Damage State PDS-18 (T1-DC2-nP-RX1-F3-H2-L2-R2-CT1-LT) 

This PDS is similar to PDS-4, except that it is initiated by a loss of offsite power transient 
(TI).  

'Plant Damage State PDS-19 (T1-DC2-nP-RX2-F3-H2-L2-R2-CTI-LT) 

-This PDS is similar to PDS-10, except that it is initiated by a loss of offsite power transient.  

Plant Damage State PDS-20 (T2-DC2-nP-RX2-F3-H2-L2-R4-CT1-LT) 

This PDS is similar to PDS-9, except that it is initiated by a loss of main feedwater transient 
(T2).  

Plant Damage State PDS-21 (T2-DC2-nP-RX2-F3-H3-L3-R3-CT1-LT) 

This PDS is initiated by a loss of feedwater transient (T2) with a loss of secondary cooling 
(F3) and failure of high-head recirculation core cooling caused by random mechanical faults 
Jn the recirculation and RHR systems after bleed-and-feed operation. At least one division of 
* dc power is available (DC2). No PORVs stick open (nP). Core damage occurs in the long 
term (LT) with the RCS at low-high pressure (RX2). With no recirculation capability, low 
(L3) and high-head (H3) flow are unavailable after the onset of core damage. Although the 
RHR heat exchangers are unavailable, containment heat is removed by the containment fan 

* coolers (R3). The containment is intact prior to core damage (CTI).
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Plant Damage State PDS-22 (TC-DC2-nP-RX1-F2-H2-L2-R2-CTI-ST)

This PDS results -from an ATWS (TC) event with main feedwater available and loss of long

term reactor subcriticality control. RCS pressure is assumed to remain at the PORV setpoint, 

precluding high- and low-head safety injection. Core damage occurs in the short-term (ST) at 

high RCS pressure (RXI). Low-head (L2) and high-head (H2) flow are available after the 

onset of core damage. Containment heat is removed by the containment fan coolers or RHR 

heat exchangers (R2). The containment is intact prior to core damage (CT1).  

Plant Damage State PDS-23 (S2-DC2-nP-RX2-F2-H2-L2-R2-CT1-LT) 

This PDS is initiated by a small LOCA (S2) event accompanied by a failure to initiate 

recirculation core cooling in time after RWST depletion. At least one division of dc power is 

available (DC2) and no PORVs stick open (nP). Secondary cooling is provided by the AFW 

system (F2). Core damage occurs in the long term (LT) with the RCS at low-high pressure 

(RX2). Both high-head (H2) and low-head (L2) flow are available after the onset of core 

damage. Although containment sprays (using the injection mode via the RWST) are 
unavailable, containment heat is removed by the containment fan coolers or the RHR heat 

exchangers (R2). The containment is intact prior to core damage (CT1).  

Plant Damage State PDS-24 (S2-DC2-P-RX2-F2-H2-L3-R5-CT1-LT) 

This PDS is similar to PDS-23, except one PORV sticks open (P) and random mechanical 

faults fail long-term recirculation core cooling (L3) and containment fan cooler operation.  

Although containment sprays using the injection mode via the RWST are available, long-term 
containment heat removal is unavailable (R5).  

Plant Damage State PDS-25 (S1-DC2-nP-RX2-F2-H2-L2-R2-CT1-ST) 

This PDS is similar to PDS-23, except that it is initiated by an intermediate LOCA (SI) 
event.  

Plant Damage State PDS-26 (S1-DC2-nP-RX2-F2-H2-L3-R5-CT1-ST) 

This PDS is similar to PDS-24, except that it is initiated by an intermediate LOCA (SI) and 
no stuck open PORV occurs (nP).
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* Plant Damage State PDS-27 (A-DC2-nP-RX3-F2-H2-L2-R2-CT1-ST) 

This PDS is initiated by a large LOCA (A) event accompanied by a failure to initiate 
recirculation core cooling in time after RWST depletion. At least one division of dc power is 
available (DC2) and no PORVs stick open (nP). Core damage occurs in the short term (ST) 
with the RCS at low pressure (RX3). Both high- and low-head (H2 and L2) flow are 
available after the onset of core damage. Although containment sprays (injection mode via 
the RWST) are unavailable, containment heat is removed by the containment fan coolers or 
RHR heat exchangers (R2). The containment is intact prior to core damage (CTI).  

Plant Damage State PDS-28 (A-DC2-nP-RX3-F2-H3-L4-R4-CT1-ST) 

This PDS is initiated by a large LOCA (A) event accompanied by failures of initial core 
cooling injection by the high- and low-head systems (H3) and of the containment fan coolers.  
At least one division of dc power is available (DC2) and no PORYs stick open, (nP). Core 
damage occurs in the short term (ST) with the RCS at low pressure (RX3). Low-head (L4) 
flow via the recirculation pumps is available after the onset of core damage (provided RWST 
inventory is discharged into the containment sumps). Although the containment fan coolers
are unavailable, containment heat is removed by the RHR heat exchangers (R4). The 
containment is intact prior to core damage (CT1).  

Plant Damage State PDS-29 (A-DC2-nP-RX3-F2-H3-L3-R5-CTI-ST) 

This PDS is similar to PDS-28, except that random mechanical faults fail both the 

recirculation pumps and RHR pumps for recirculation cooling (L3). Although containment 6.  

sprays using the injection mode via the RWST are available, long-term containment heat 
removal is unavailable (R5).  

Plant Damage State PDS-30 (A-DC2-nP-RX3-F2-H3-L2-R4-CTI-ST) 

This PDS is similar to PDS-28, except that initial core cooling is provided by the low-head 
RHR pumps. Core damage occurs after RWST depletion because of a failure to align long
term recirculation cooling or hot-leg recirculation in time.  

Plant Damage State PDS-31 (A-DC2-nP-RX3-F2-H2-L3-R5-CT1-ST) 

This PDS is initiated by a large LOCA (A) event accompanied by failure of the containment 
fan coolers and loss of long-term recirculation cooling because of random faults (L3). At 
least one division of dc power is available (DC2) and no PORVs stick open (nP). Core 
damage occurs in the short term (ST) with the RCS at low pressure (RX3). Only high-head 
(H2) flow is available after the onset of core damage. Although containment sprays (injection
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mode via the RWST) are available, long-term containment heat removal by the containment 
fan coolers or RHR heat exchangers is unavailable (R5). The containment is intact prior to 0 
core damage (CT1).  

Plant Damage State PDS-32 (A-DC2-nP-RX3-F2-H2-L3-R3-CT1-ST) 

This PDS is similar to PDS-27, except that failure of recirculation cooling is caused by 
random mechanical faults of the recirculation and RHR systems. Therefore, low-head (L3) 
flow is unavailable after the-onset of core damage. Containment heat is removed by the 
containment fan coolers only; RHR heat exchangers are unavailable because of recirculation 
core cooling failure (R3). The containment is intact prior to core damage (CT1).  

Plant Damage State PDS-33 (R-DC2-nP-RX3-F2-H2-L2-R2-CT1-ST) 

This PDS is similar to PDS-27, except that is it initiated by a main steamline break and vessel 
rupture event (R).  

Plant Damage State PDS-34 (A-DC2-nP-RX3-F2-H3-L4-R2-CT1-ST) 

This PDS is initiated by a large LOCA (A) event with a loss of initial high- and low-head 
safety injection (H3). At least one division of dc power is available (DC2) and no PORVs 
stick open (nP). Core damage results in the short term (ST) with the RCS at low pressure 
(RX3). Although failure of initial injection occurs, low-head (L4) flow to the vessel is 
available from the recirculation pumps after the onset of core damage because operation of the 
containment spray-system results in the discharge of RWST inventory into the containment 
sumps. The containment is intact prior to core damage (CT1). Containment heat is removed 
using containment fan coolers or the RHR heat exchangers (R2). , 

Plant Damage State PDS-35 (R-DC2-nP-RX3-F2-H2-L2-R4-CT1-ST) 

This PDS is similar to PDS-27, except that is it initiated by a main steamline break and vessel 
rupture event (R) and is accompanied by failure of the containment fan coolers (R4).  

Plant Damage State PDS-36 (S2-DC2-P-RX2-F2-H2-L3-R3-CT1-LT) 

This PDS is initiated by a 'small LOCA (S2) event accompanied by random mechanical faults 
that fail long-term recirculation core cooling (L3) after RWST depletion. At least one 
division of dc power is available (DC2) and one PORV sticks open (P). Secondary cooling is 
provided by the AFW system (F2). Core damage occurs in the long term (LT) with the RCS 
at low-high pressure (RX2). zOnly high-head flow (H2) is available after the onset of core 
damage. Because the RHR heat exchangers are unavailable, containment heat is removed by
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the containment fan coolers (R3). The containment is intact prior to core damage (CTl).  

Plant Damage State PDS-37 (TC-DC2-nP-RX3-F2-H2-L2-R2-CT1-ST) 

This PDS is an ATWS (TC) with main feedwater unavailable event that results in multiple 
overpressure failures of RCS piping and a subsequent large LOCA that is beyond the 
capability of emergency core cooling systems. At least one division of dc power is available 
(DC2) and no PORVs stick open (nP). Core damage occurs in the short term (ST) with the 
RCS at low pressure (RX3). Low-head (L2) and high-head (H2) flow are available after the 
onset of core damage. Containment heat is removed by the containment fan coolers or RHR 
heat exchangers (R2). The containment is intact prior to core damage (CT1). This PDS is 
similar to PDS-27, except that is it initiated by an ATWS (TC) induced reactor coolant 
system LOCA.  

Plant Damage State PDS-38 (S2-DC2-nP-RX2-F3-H2-L2-R4-CTi-LT) 

This PDS is initiated by a either a small LOCA or transient followed by a RCP seal LOCA 
event (S2) with loss of containment heat removal via the containment fan coolers. Secondary 
cooling and primary bleed-and-feed cooling failures result from either hardware faults or 
operator error (F3). With high RCS pressure precluding high- and low-head safety injection, 

V core damage results in the long term (LT) with the RCS at low-high pressure (RX2). While 
late inj,ction is available, the pumps are deadheaded (H2 and L2). Containment heat is 
removed by the RHR heat exchangers (R4). The containment remains intact prior to core 
damage (CT 1).  

Plant Damage State PDS-39 (S1-DC2-nP-RX2-F2-H2-L2-R4-CT1-ST) 

This PDS is similar to PDS-25, except that random mechanical faults fail the containment fan 
coolers (R4).  

Plant Damage State PDS-40 (A-DC2-nP-RX3-F2-H2-L2-R4-CT1-ST) 

This PDS is similar to PDS-27, except that random mechanical faults fail the containment fan 
coolers (R4).
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Plant Damage State PDS-41 (VS2-DC2-nP-RX2-F2-H2-L2-R3-CT1-LT)

This PDS is initiated by a small interfacing system break (ISLOCA) outside containment 
(VS2) accompanied by failure to isolate the break. At least one division of dc power is 
available (DC2) and no PORVs stick open (nP). Because the ISLOCA occurs outside 
containment, recirculation core cooling is impossible after RWST water depletion. Core 
damage occurs in the long term (LT) with the RCS at low-high pressure (RX2). Although the 
containment sumps are emptied, high-head (H2) and low-head (L2) injection are available.  
The containment is bypassed but is intact prior to core damage (CTI). Containment heat is 
removed via the containment fan coolers (R3).  

Plant Damage State PDS-42 (VA-DC2-nP-RX3-F2-H2-L2-R3-CT1-ST) 

This PDS is initiated by a large interfacing system break (ISLOCA) outside containment (VA) 
accompanied by failure to isolate the break. At least one division of dc power is available 

'(DC2) and no PORVs stick open (nP). Because the ISLOCA occurs outside containment,, 
recirculation core cooling is impossible after RWST water depletion. Core damage occurs in 

.the short term (ST) with the RCS at low pressure (RX3). Although the containment sumps 
are emptied, both high-head (H2) and low-head (L2) injection are considered available after 
core damage. The containment is bypassed but is intact prior to core damage (CT 1).  
Containment heat is removed via the containment fan coolers (R3).  

Plant Damage State PDS-43 (T7-DC2-nP-RX2-F2-H2-L2-R3-CTI-LT) 

This PDS is initiated by a steam generator tube rupture (SGTR) event (T7) accompanied by a 
failure to perform RCS cooldown and depressurization. At least one division of dc power is 
available (DC2) and no PORVs stick open (nP). With the loss of RCS inventory outside 
containment, core damage occurs in the long term (LT) upon RWST depletion, with the RCS 
at low-high pressure (RX2). Although the containment is intact prior to core damage (CT1), 
it is bypassed at the onset of core damage because of the SGTR. High- or low-head flow are 
available after the onset of core damage (H2, L2) provided adequate RWST inventory exists..  
However, containment heat is removed by the fan cooler units (R3).  

Plant Damage State PDS-44 (T7/SORV-DC2-nP-RX2-F2-H2-L2-R3-CT1-LT) 

This PDS is initiated by a steam generator tube rupture event accompanied by a failure to 
isolate the ruptured steam generator because of a stuck-open safety relief valve (T7/SORV).  
In addition, failure of the RHR shutdown cooling mode prevents long-term decay heat 
removal. At least one division of dc power is available (DC2) and no PORVs stick open 
(nP). Without long-term cooling, reactor coolant boils off, and core damage occurs in the 
long term (LT) with the RCS at low-high pressure (RX2). Although the containment is intact 
prior to core damage (CT1), it is bypassed at the onset of core damage because of the SGTR.
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V High and low-head flow to the vessel are available after the onset of core damage (L2, H2) 
provided adequate RWST inventory exists. Containment heat removal is available (R3).  

Plant Damage State PDS-45 (T7-DC2-nP-RX1-F3-H2-L2-R2-CT1-LT) 

This PDS is initiated by a steam generator tube rupture event (T7) accompanied by a failure 
of secondary cooling (F3) and primary bleed-and-feed core cooling. At least one division of 
dc power is available (DC2) and no PORVs stick open (nP). Core damage results in the long 
term (LT) with the RCS at high pressure (RX1). Although the containment is intact prior to 
core damage (CT1), it is bypassed at the onset of core damage because of the SGTR.  
Because the RWST water inventory is maintained, both high- and low-head flow for vessel 
injection (H2 and L2) are available.  

Plant Damage State PDS-46 (A-DC2-nP-RX3-F2-H3-L2-R2-CT1-ST) 

This PDS is similar to PDS-27, except that random mechanical faults fail the high-head safety 
injection system (H3).  

* Plant Damage State PDS-47 (S2-DC2-nP-RX2-F2-H2-L2-R4-CT1-LT) 

This PDS is similar to PDS-23, except that random mechanical faults fail the containment fan 
coolers (R4).  

Plant Damage State PDS-48 (TB-DC2-nP-RX2-F2-H2-L2-R2-CT1-LT) 

This PDS is initiated by a station blackout transient (TB). At least one division of dc power 
is available (DC2). No PORVs stick open (nP). Secondary cooling is provided by the steam
turbine-driven AFW pump. Although ac power is restored, an RCP seal LOCA occurs and 
core damage ensues in the long term (LT) with the RCS at low-high pressure (RX2). The 
containment remains intact prior to core damage (CT1). Because ac power is restored, high
and low-head vessel injection (H2 and L2) and containment heat removal (R2) are available.  

Plant Damage State PDS-49 (TB-DCI-nP-RX1-FI-H1-L1-R1-CT1-LT) 

This PDS is initiated by a station blackout transient (TB) in which loss of all dc power occurs 
in the long term (DC1). No PORVs stick open (nP). Secondary cooling by the auxiliary 
feedwater system is unavailable because the SBO renders both motor-driven AFW pumps 
inoperable, and the steam-turbine-driven AFW pump fails because of battery depletion or 

* random mechanical faults (F1). Without primary and secondary cooling, core damage occurs 
in the long term (LT) with the RCS at high pressure (RX1). The containment remains intact
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prior to core damage (CTI). Once ac power is restored, high- and low-pressure vessel 
injection (HI and LI), and containment heat removal (RI) are available or recoverable.  

Plant Damage State PDS-50 (TB/IF-DC1-P-RX2-F2-H3-L3-R5-CT1-LT) 

This PDS is similar to PDS-2, except that a single PORV sticks open (P).  

Plant Damage State PDS-51 (TB/IF-DC1-P-RX2-F3-H3-L3-R5-CT1-LT) 

This PDS is similar to PDS-1, except that a single PORV sticks open (P). Core damage 
ensues in the long term (LT) with the RCS at low-high pressure (RX2).  

Plant Damage State PDS-52 (TB-DC2-P-RX2-F1-H1-L1-R1-CT1-LT) 

This PDS is initiated by a station blackout transient (TB). At least one division of dc power 
is available (DC2). Although secondary cooling is provided (F1), RCS integrity is breached 
by an stuck-open PORV (P). With no RCS make-up, core damage ensues in the long term 
(LT) with the RCS at low-high pressure (RX2). The containment remains intact prior to core 
damage (CT1). Once ac power is restored, high- and low-pressure vessel injection (HI and 
LI) and containment heat removal (RI) are available or recoverable.  

Plant Damage State PDS-53 (S2-DC2-nP-RX2-F2-H2-L3-R3-CT1-LT) 

This PDS is similar to PDS-23, except that random mechanical faults fail long-term 
recirculation core cooling (L3). Containment heat is removed by the containment fan coolers 
(R3).  

Plant Damage State PDS-54 (S1-DC2-nP-RX2-F2-H2-L3-R3-CT1-ST) 

This PDS is similar to PDS 53, except that it is initiated by an intermediate LOCA (Si).  

Plant Damage State PDS-55 (S2-DC2-nP-RX2-F2-H2-L3-R5-CT1-LT) 

This PDS is similar to PDS-24, except that no PORVs stick open (nP).
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W 'Plant Damage State PDS-56 (TAC6A-DC2-nP-RX1-F3-H2-L3-R3-CT1-LT) 

This PDS is similar to PDS-4, except that it is initiated by a loss of safeguard bus 6A 
'transient (TAC6A) and random mechanical faults fail long-term recirculation core cooling 
(L3).  

Plant Damage State PDS-57 (TCCW-DC2-nP-RX2-F3-H2-L3-R4-CT1-LT) 

This PDS is similar to PDS-20, except that it is initiated by a loss of non-essential service 
water to the component cooling water system (TCCW) and random mechanical faults fail 
long-term recirculation core cooling.  

Plant Damage State PDS-58 (TCCW-DC2-nP-RX1-F3-H2-L2-R4-CT1-LT) 

This PDS is similar to PDS-57, except that the operator fails to'initiate bleed-and-feed 
cooling. Core damage results at high RCS pressure (RX1).  

Plant Damage State PDS-59 (TCCW-DC2-nP-RX1-F3-H3-L2-R4-CT1-LT) 

* This PDS is similar to PDS-58, except that random mechanical faults fail the high-head safety 
;,injection system (M3).
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3.2 SYSTEMS ANALYSIS

This section addresses the system modeling required to quantify event sequences. It includes 
descriptions of the approach to modeling, the systems, their dependencies, and the models 
themselves.  

3.2.1 APPROACH AND NOMENCLATURE 

3.2.1.1 System Modeling Approach 

Modeling and quantification of event sequences used the small-event-tree/large-fault-tree 
approach. This approach entailed the development of fault trees depicting the causes of 
system failure for each front-line system that appears in the event trees and for all support 
systems required to operate the front-line systems. The procedures and methodologies used 
were those described in the methodology guide for analysis of core damage frequency [13].  
System schematics, reviews of system information, system success criteria, interfaces and 
dependencies, and details of the characteristics and assumptions made in modeling, are 
presented in Section 3.2.2 for the individual systems. Assumptions and characteristics 
common to all fault tree models are: 

* [1] Operator action to have a system operate successfully after its failure to function 
automatically was not modeled. However, operator action was examined if it is a 
recovery action and applicable to a dominant sequence.  

[2] The models included human errors that resulted in valves or fire dampers being mis
positioned after testing or maintenance or in miscalibrated instrumentation.  

[3] In general, ruptures of piping (except for breaks that initiate LOCAs or internal flooding 
that might lead to core damage), HVAC ducts, tanks and spargers, cable failures (other 
than battery cables), and control voltage short circuits were omitted from the system 
unavailability models because their probabilities are insignificant compared with the 
probabilities of other component failures. Such failures were considered, however, in 
developing certain initiating events.  

[4] Passive failures of normally open valves that are not required to close were considered 
only if the passive failures contribute to individual loop or system unavailability.  

[5] Failures of local switchgear/motor control center (MCC) internal circuitry and motor
operated valve (MOV) torque and limit switches were grouped into one failure, 
generically called a "control circuit failure." 

[6] For instrumentation and control switches consisting of single-pair contacts, failure of a *contact to close/open was included in the failure of the instrument or control switch.
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For instrumentation and control switches with multiple contact points, however, 

individual contact contributions were modeled separately.  

[7] Pipes with diameters less than one-third the diameter of the main system piping from 

which they branch were not considered to be diversion paths.  

[8] A common basic event describing the miscalibration of each type of instrument 

transmitter in a system was included in the model if all sensors are calibrated on the 

same schedule.  

[9] Spurious signals that cause hardware to enter improper states were not modeled if, after 

the initial operation, components are not expected to receive an additional signal during 

the course of the accident requiring them to readjust or change their operating state.  

The decision not to model these spurious signals was based on the guidance provided in 

NUREG/CR-28 15 [29]: "b. Spurious control faults for components after initial operation 

should be considered only in those cases where the component is expected to receive an 

additional signal during the course of the accident to readjust or change its operating 

state" and %c. Misposition faults prior to an accident are not included if the component 

receives an automatic signal to retumn to its operable state under accident conditions." 

[10] Control and reset switch contacts are in their normal position for normal plant operation.  

[11] The lack of borated water in the RWST was not modeled because it represents a 

violation of technical specifications.  

[12] Heat tracing provided on the outdoor piping associated with the RWST was considered 

to be available before accident sequence initiation. Therefore, crystallization of boron in 

the pipes was not modeled because of its low probability.  

[13] The spray additive tank (SAT) and associated piping (a subsystem to supply water 

containing NaOH to the cointainment) were not modeled because they are not germane to 

events being examined in this IPE.  

Modeling was performed at the component level. The fault trees explicitly depict the failure 

modes that contribute to system unavailability and accident sequences. These failure modes 

include the unavailability of both operating and standby equipment; outages for tests and 

maintenance; human errors associated with failure to restore equipment to its operable state 

following tests and maintenance; and, where applicable, human errors associated with accident 

response. Common-cause failures were depicted explicitly in the trees and are addressed in 

Section 3.2.3.3.  

Failure models were developed with top events corresponding to the success criteria of the 

event tree analysis. For some systems, success criteria (and therefore top events) differ 
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according to circumstances. In devising system models, the causes of system failure identified 
in the review of 1P3 system inspection plans [30] were addressed.  

3.2.1.2 System Analysis Nomenclature 

A standard coding scheme was established to describe the basic events. This scheme is 
necessary to. ensure that the dependencies and interfaces between systems are properly 
accounted for when individual system fault trees are merged with their support systems and 
linked to quantify the accident sequences. In addition, the standard coding scheme lets the 
analyst and reviewer relate events described in a cut set from the accident sequence 
quantification to the individual fault trees.  

Each basic event descriptor is composed of 4 parts and comprises 16 characters. The parts 
are: system identifier (denoting the system to which the basic event belongs or is related), 
event or component type identifier, failure mode code, and unique event identifier. Table 
3.2.1.1 lists the three-character system identifiers. Table 3.2.1.2 lists the three-character event 
and component type identifiers. Table 3.2.1.3 lists the two-letter codes denoting the failure 
mode associated with the event. The final five characters in the basic event descriptor 
identify individual components. This identifier is based upon either the component numbering 
in the system schematics or on another scheme by which events can be readily identified.  
The nomenclature used for gates comprises a first letter- "G" followed by three letters to 
define the system and a sequential number to specify the gate.
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Table 3.2.1.1

System Identifiers 

Identifier Name 

ACU Accumulators 
AC electric power systems: 

ACO offsite power 
ACI 118-Vac 
AC4 480-Vac 
AC6 6.9-kVac 
ACC Auxiliary component cooling water system 
AFV Auxiliary boiler feedwater pump room ventilation system 
AFW Auxiliary feedwater system 
CBV Control building ventilation system 
CCW Component cooling water system 
CDS Condensate system 
CFC Containment emergency fan cooler system 
CSR Containment spray recirculation system 
CSS Containment spray system 
CVC Chemical and volume control system (charging, letdown, and emergency boration) 
DC1 DC electric power systems: 125-Vdc 
DGV Diesel generator building ventilation system 
EDG Emergency diesel generators 
HHI High-head safety injection system 
HHR High-head recirculation system 
HLG Hot leg recirculation system 
IAS Instrument air system 
ICC Instrument air closed cooling water system 
LHI Low-head safety injection system 
LHR Low-head recirculation system 
MFW Main feedwater system 
MSS Main steam system 
MWS City water system 
NSS Nitrogen supply system 
PPR Primary pressure relief system 
PWS Primary water make-up system 
RCS Reactor coolant system 
RHR Residual heat removal system 
SAS Safeguard actuation system 
SGB Steam generator blowdown system 
SWS Service water system
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Table 3.2.1.2

Event and Component Type Identifiers 

Identifier Event or Component 

Electrical Component Codes in Basic Event Designators 

ASD Position sensor/transmitter units 
ASF Flow sensor/transmitter units 
ASL Level sensor/transmitter units 
ASP Pressure sensor/transmitter units 
ATS Temperature sensor/transmitter units 
ASW Auxiliary switch 
ASX Flux (neutron) sensor/transmitter units 
BAC Electrical bus (ac) 
BAT Battery 
BCC Battery charger 
BDC Electrical bus (dc) 
CBL Cable 
CRB Switchgear 3-phase circuit breaker 
CTR Transformer, current 
DCS DC power supply 
DPN Distribution panel 
DPS Differential pressure switch 
DSW Disconnect switch 
E/P E/P signal converter 
FIC Flow indicator controller 
FLC Flow controller 
FSW Flow switch 
FUS Fuse 
I/P I/P signal converter 
ICC Instrumentation and control circuit 
INV Inverter 
ISO Electrical isolation device 
LOD Load/relay unit 
LOG Logic unit 
LPS Local power supply 
LRY Lockout relay 
LSW Level switch 
LVC Level controller 
MDP Motor-driven pump
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Table 3.2.1.2 (Continued)

Event and Component Type Identifiers 

Identifier Event or Component 

MSR Motor starter 
MSW Switch, manual 
PRC Pressure controller 
PSW Pressure switch 
PTR Transformer, potential 
PRY Protective relay 
RCI Electrical (relay) coil 
RCK Control circuit 
RCS Contacts 
REC Rectifier 
RLY Relay 
RTD Resistor, temperature device 
SBR Small single/double pole manual circuit breaker 
SPC Speed controller 
TEE Temperature element/thermocouple 
TFM Transformer 
TFS Transfer switch 
TIM Timer 
TSW Temperature switch 
TXX Bistable trip unit 
VSW Limit (valve) switch 
XFR Power transformer 

Mechanical Component Codes in Basic Event Designators 

ACU Accumulator 
ACM Air receiver 
ADV Atmospheric dump valve 
AHU Air-handling unit 
AJC Air ejector 
AOD Air-operated damper 
AOM Air-operated motor 
AOP Auxiliary oil pump 
AOV Air-operated valve 
ASV Air-started solenoid valve
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Table 3.2.1.2 (Continued)

Event and Component Type Identifiers 

Identifier Event or Component 

BLR Blender 
BOT Bottle 
CDN Condenser 
CKV Check valve 
CLU Cooler or cooling unit 
CMP Air compressor 
CRD Control rod drive unit 
CRH Control rods--hydraulically driven 
CRM Control rods--motor driven 
DCT Ducting 
DGN Diesel generator 
DOR Blow-in door 
DRY Instrument air dryer 
EDP Engine-driven pump 
ENG Diesel generator engine 
FAN Motor-driven fan 
FCU,, Fan cooling unit 
FCV Flow control valve 
FLT Filter 
FRD Fire damper 
GEN Generator 
HCV Hand control valve 
HDV Hydraulic valve 
HTR Heater element/heat tracing 
HTX Heat exchanger 
HYD Hydraulic damper 
LCV Level control valve 
LOC Lube oil cooler 
MDC Motor-driven compressor 
MGN Motor-generator unit 
MOD Motor-operated damper 
MOV Motor-operated valve 
MSV Main steam isolation valve 
ORF Orifice 
PCV Pressure-control valve 
PDP Positive displacement pump 
PND Pneumatic/hydraulic damper
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Table 3.2.1.2 (Continued)

Event and Component Type Identifiers 

Identifier Event or Component 

PRV Power-operated relief valve 
RDS Rupture disc 
RRV Relief valve 
SCR Speed controller 
SDP Shaft-driven pump 
SKV Stop check valve 
SOV Solenoid-operated valve 
SRV Safety/relief valve 
STR Strainer 
TCR Totalizer 
TCV Temperature-control valve 
TDP Turbine-driven pump 
TGN Turbine generator 
TGV Governor valve 
TKV Testable check valve 
TNK Tank 
TNV Turbine control valve 
TRB Turbine 
TSV Turbine stop valve 
TTV Trip throttle valve 
XVM Manual valve 

Event Codes in Basic Event Designators 

CCF Common-cause fault 
MAI Maintenance 
PHN Phenomenon 
PSF Piping rupture 
TAC AC electrical train fault 
TDC DC electrical train fault 
XHE Human error 
XLF Subsystem logic functional test
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Table 3.2.1.3

Failure Mode Codes 

Failure Mode Code 

Valves, Contacts, Dampers, Circuit Breakers: 
Normally Closed, Fails To Open on Demand cc 
Normally Open, Fails To Close on Demand 00 
Normally Open, Fails To Remain Open OC 
Normally Closed, Fails To Remain Closed CO 
Closed, Fails To Reopen RC 

Valves, Filters, Orifices, Nozzles: 
Plugged, Blocked PG 

Pumps, Fans, Diesels, Turbines, Motors, Compressors: 
Fails To Start FS 
Fails To Continue Running FR 
Fails To Restart RS 

Batteries, Buses, Transformers, Diodes, Electrical Cables, 
Battery Chargers, Inverters, Fuses, Local Power Supplies, 
Relays; Coils, Control Circuit, Circuit Breakers: 

Short Circuit ST 
No Output NO 
Coil Does Not Energize FE 

Pipes, Valves, Tanks, Ducts, Seal Tubes: 
Leak LK 
Rupture RP 

Sensors, Signal Processors, Bistables, Indicators, Process Switches: 
Fails High HI 
Fails Low LO 
No Output NO 
Does Not Operate DN 

Segments, Trains, Miscellaneous Agglomeration: 
Failure (for miscellaneous fault agglomerations not 

based on segments or trains) VF 
Hardware HW
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Table 3.2.1.3 (Continued) 

Failure Mode Codes 

Failure Mode Code 

Human Errors: 
Failure To Take Required Action on Demand CO 
Miscalibration MC 
Failure To Restore to Correct Position Following Test 

or Maintenance RE 

Test and Maintenance: 
Unavailable Because Of Test TE 
Unavailable Because Of Maintenance MA 

Phenomenon or Conditional Event Occurs PE
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3.2.2 SYSTEM DESCRIPTIONS

The front-line systems identified in the event trees and the support systems required to operate 
these front-line systems are described in this section. The sources of information used are 
listed in Table 3.2.2.1 

Each system is described in the following order: 

" Function--the function of the system in accident sequences that might lead to core 
damage.  

" System description--for fluid systems, the system description is accompanied by 
simplified system schematics that show suction and discharge paths, alternative flow and 
diversion paths, minimum flow recirculation lines, and all major components. For 
electric power systems, a simplified schematic is provided for those buses that power the 
loads addressed in this study. The schematic shows the separation of divisions and buses.  

" Success criteria--the sequence-dependent system success criteria.  

" Operation--the operation of the system in both normal and transient conditions.

0 e

Interfaces and dependencies--system interfaces and dependencies may link two front-line 
systems or a front-line system and dedicated or non-dedicated support systems. These 
interfaces were identified. They were dealt with in the system models by treating two 
systems that combine to provide a function as one system; by treating a dedicated support 
system as a subsystem for a front-line system; and by examining the interface between a 
non-dedicated support system and a front-line system to identify the point where the 
highest level common equipment supports different front-line systems.

Support system components and their dependencies are summarized in tables presented in 
Appendix D. The location of the equipment is also specified in these tables.  

" Instrumentation and control--the instrumentation and the control logic used for control of 
the system.  

" Testing and Maintenance--a determination of whether testing and maintenance directly 
affect loop or system unavailability.  

" Applicable technical specifications--summaries of technical specifications that apply to the 
system and important support systems.  

" Operator interface.
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Table 3.2.2.1

Sources of Information Used in Systems Analysis 

Alarm Response Procedures 
Check Off Lists 
Electrical One-Line Diagrams 
Elementary Electric Diagrams 
Emergency Operating Procedures 
Final Safety Analysis Report 
Functional Restoration Procedures 
HVAC Loop Diagrams 
Instrument Calibration Procedures 
Maintenance Procedures 
Manufacturers' Equipment Manuals 
Modification Packages 
Off-Normal Operating Procedures 
Operational Specifications 
System Operating Procedures 
Performance Test Procedures 
Piping and Instrument Diagrams 
Room Arrangement Drawings 
Surveillance Test Procedures 
System Descriptions 
System Flow Diagrams 
Technical Specifications
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m Model description--the top event of the system fault tree and its principal causes.  

m Modeling assumptions and characteristics.  

3.2.2.1 Accumulator System 

Function. The accumulator system provides borated water to reflood the reactor core in 
the event of intermediate or large LOCAs.  

System Description. Four accumulator systems (31-34) are installed, one for each of the 

four reactor coolant system (RCS) legs. Each accumulator system consists of an accumulator 

tank, and one motor-operated valve and two check valves in series in an independent line to 

an RCS cold leg. The check valves in these lines isolate the accumulators from the RCS 

during normal plant operation. The motor-operated valves isolate the accumulator tanks for 

tests and maintenance and during plant shutdown and cooldown when the RCS is 
depressurized.  

The accumulators are pressure vessels partially filled with 6,100 gal. of borated water and 
pressurized with nitrogen gas.  

The accumulator system is shown in Figure 3.2.2.1.  

Success Criteria. The success criteria for the accumulator system depend on the event 

sequence. Following large or intermediate LOCAs (conservatively assumed to result from a 
cold leg break), the success criterion for the accumulator system is injection of the contents of 

two of the three accumulators associated with the intact cold legs into the RCS. Following a 
steam generator tube rupture, the success criterion for the accumulator system is injection of 
the contents of any three accumulators.  

Operation. During normal plant operation, the accumulators are in standby with the 
valve configuration shown in Figure 3.2.2.1--the motor-operated isolation valves in the 

discharge line (894A/B/C/D) are open, the air-operated valves in the nitrogen make-up line 

(891A/B/C/D) are normally closed. When RCS pressure drops below the accumulator 
pressure (normally 600-700 psig), the borated water discharges through the normally-open 
motor-operated isolation valves (894A/B/C/D) and two check valves (895A/B/C/D and 
897A/B/C/D) into the RCS cold leg.  

There is normally no need to add water or nitrogen to the accumulators.
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Interfaces and Dependencies. The accumulator system is a passive response system that 
needs no other support systems to operate. The accumulator interfaces with other systems as 
follows: 

" Refueling water storage tank (RWST) provides water to an accumulator if the water level 
in the accumulator is low.  

" Motor-operated valves 894A/C are powered from 480-Vac MCC-36A and motor-operated 
valves 894B/D are powered from 480-Vac MCC-36B. These valves are normally 
deenergized and open.  

m Nitrogen gas is maintained in the accumulator at a nominal pressure of 600 to 700 psig 
by normally-closed air-operated valves 891A/B/C/D for accumulators 31, 32, 33, and 34, 
respectively. Nitrogen is supplied to the accumulators by the nitrogen supply system.  

Instrumentation and Control. The motor-operated isolation valves (894A/B/C/D) are 
normally in a deenergized and open position. Their positions are shown by indication lights 
in the control room. Furthermore, a safety injection (SI) signal will also actuate the valves to 
ensure they are open.  

Levels and pressures in the accumulators are monitored during normal operation to assure the 
readiness of this system. Two water level transmitters (LT-934A/B/C/D and LT-935A/B/C/D) 
and two pressure transmitters (PT-936A/B/C/D and PT-937A/B/C/D) are provided for each 
accumulator. Both level transmitters on each accumulator provide signals to indicate levels 
and actuate high- and low-water level alarms in the control room. Similarly, both pressure 
transmitters on each accumulator provide signals to indicate pressure and actuate high- and 
low-pressure alarms in the control room.  

Testing and Maintenance.  

Testin . Accumulator system surveillance requirements are: 

" A check valve leak test is performed during refueling outages for valves 895A/B/C/D and 
897A/B/C/D. Before returning to service, these valves are verified to be in the closed 
position should RCS pressure have fallen to within 100 psig of the residual heat removal 
system design pressure.  

" A test is performed during refueling outages to verify that MOVs 894A/B/C/D are open 
and that the check valves open on demand.  

Neither of the above tests cause accumulator system unavailability during plant operation.
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Maintenance. Corrective maintenance is carried out as required and permitted within 
the limits imposed by the technical specifications. System unavailability resulting from 
maintenance was quantified using data from the plant daily status reports (DSR), shift 
supervisor (SS) log, and maintenance work requests (MWiRs).  

Applicable Technical Specifications. The average temperature in the RCS shall not 
exceed 350'F unless: 

m The four accumulators are pressurized to between 600 and 700 psig and each contains a 
minimum of 775 ft3 and a maximum of 815 ft3 of water with a boron concentration 
between 2400 and 2600 ppm. Motor-operated isolation valves 894A/BIC/D shall be 
open and their power supplies deenergized whenever the RCS pressure is above 
1000 psig.  

m One pressure and level transmitter are operating in each accumulator.  

m Three of the four accumulators are operable.  

The accumulators may be isolated during the RCS hydrostatic test. For the accumulator 
check valve leakage test, one accumulator may be isolated at a time, for up to 8 hours, 
provided the reactor is in the hot shutdown condition.  

Operator Interface. There is no operator interaction with the accumulator system during 
emergency operation.  

Model Description. The fault tree model for the accumulator system has two top events 
that represent "No/Insufficient flow from the Accumulator System" for large and intermediate 
LOCAs and steamn generator tube ruptures. The fault tree depicting the failure of an 
accumulator to inject flow into the intact RCS loops is an OR gate summarizing failures of a 
motor-operated valve and two check valves.  

Modeling Assumptions and Characteristics.  

[1] Since the accumulator system is basically passive and requires no actuation signals or 
support systems, no common-cause failures were postulated other than the common-cause 
failure of check valves.  

[2] The SI signal to open the motor-operated valves (894A/B/C/D) was not modeled because 
these valves are normally open.  

[3] The test lines for each accumulator were not considered flow diversion p aths because the 
diameter of the test lines is much smaller (3/4 in.) than the diameter of the accumulator 
discharge lines (10 in.).
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* [4] No dependencies between the nitrogen system were modeled because, once the 
accumulators are pressurized with nitrogen, the valves in the nitrogen supply lines are 
closed and redundant alarm and pressure indications indicate abnormally low pressures.  
For the same reasons, faults that lead to low pressures in the accumulators were not 
modeled because the exposure time will be short.  

[5] No dependencies between the accumulators and the RWST were modeled because, once 
the accumulators are filled with borated water from the RWST, the valves are closed and 
redundant alarms and indicators verify that the level remains above 'a minimum value.  

3.2.2.2 Auxiliary Feedwater (AFW) System 

Function. The auxiliary feedwater (AFW) system provides feedwater to the steam 
generators when the main feedwater system is unavailable. Auxiliary feedwater is supplied by 
two motor-driven and one steam-turbine-driven pump to four steam generators during startup, 
shutdown, intermediate, small, and small-small loss of coolant accidents, steam generator tube 
ruptures, main steam line breaks and transients that entail a loss of the main feedwater system.  

System Description. The AFW system consists of two subsystems each capable of 
supplying the required flow. One subsystem comprises two motor-driven, nine-stage, 
horizontal, split-case centrifugal pumps. Each pump supplies 400 gpm of water at a head of 
1,350 psi to two steam generators. The second subsystem comprises a steam turbine-driven, ,q.  
multistage, centrifugal pump with a capacity of 800 gpm at 1,350 psi. The turbine drive is a 
horizontal axial flow, noncondensing unit rated at 970 hp at 3,570 rpm. It supplies a total of 
800 gpm of feedwater to all four steam generators. Steam is supplied to the steam turbine by 
steam generators 32 and 33 from a tap upstream of the main steam isolation valves.  

Redundant water supplies are available to the AFW system. The primary source is gravity 
feed from the 600,000 gal. condensate storage tank (CST). Of this volume, 360,000 gal. are 
dedicated for AFW system use. This volume is sufficient to remove the residual heat 
generated by the reactor for 24 hours at hot shutdown conditions. The CST is of seismic 
category I.  

A schematic of the AFW system with valves in their normal positions is shown in 
Figure 3.2.2.2.  

Success Criteria. The success criteria for the AFW system depend on the event 
sequence. The success criterion for the system during an ATWS event is flow to two of four 
steam generators from both motor-driven pumps or the steam-turbine-driven pump. The 
success criterion for transients, and intermediate and small LOCAs is flow from one AFW 
pump to one of four steam generators. The success criterion for inadequate core cooling 
during small-small LOCAs is flow from two motor-driven pumps or the steam-turbine-driven
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Figure 3.2.2.2 Auxi I iory Feedwater System Schematic



pump to all four steam generators. The success criterion following a steam generator tube 
rupture or main steam line break is flow from an AFW pump to any one of the three intact 
steam generators.  

Operation. Availability of water from the CST is guaranteed by level control valves 
LCV- 1158-1/2. These valves close, isolating the tank outlet from all systems but the AFW 
system, when the volume of water in the CST drops to 360,000 gallons. The CST supplies 
the AFW pumps through a supply header fed from the CST through two locked-open manual 
valves (butterfly valve CT-6 and gate valve CT-64) that lie in series along the main supply 
line from the condensate storage tank.  

The emergency water supply for the AFW pumps is the 1,500,000 gal. city water storage tank 
shared with IP2. A normally-open manual gate valve CT-49 in the city water supply line is 
located in an accessible tunnel outside the auxiliary boiler feedwater pump (ABFP) building.  
Each AFW pump is supplied from the city water header through a check valve (CT-29-1, 
CT-28 and CT-31) and a normally-closed, fail-closed, air-operated control valve 
(PCV- 1187/1188/1189). The control valves are controlled manually by switches located in 
the central control room that operate solenoids, applying air to or removing air from the 
valves.  

Both motor-driven pumps (31 and 33) take suction from a common header through check 
valves (CT-26/32) and open manual gate valves (CT-27/33), and discharge through check 
valves (BFD-34/39) to two AFW lines. Each AFW line has an air-operated, fail open, flow 
control valve (FCV-406A/B/C/D) for feedwater regulation, a locked-open manual inlet 
isolation valve (BFD-62-4/1/2/3), an outlet check valve (BFD-37/35/40/42), and a locked-open 
manual:outlet isolation valve (BFD-38/36/41/43). These AFW flow control valves are 
normally closed but will open on pump start provided pressure permissives are satisfied.  

The steam-turbine-driven pump (32) takes suction from the common header through a check 
valve (CT-29-2), and an open manual gate valve (CT-30), and discharges through a check 
valve (BFD-31) to four AFW lines. Each AFW line has an air-operated, fail open, flow 
control valve (FCV-405A/B/C/D) for feedwater regulation, a locked-open manual inlet 
isolation valve (BFD-48-8/2/4/6), an outlet check valve (BFD-47-4/3/1/2), and a locked-open 
manual outlet isolation valve (BFD-48-1/3/5/7). The AFW flow control valves are normally 
fully-closed.  

AFW flow from the motor-driven pumps combines with the flow from the steam
turbine-driven pump. The combined flows pass through flow venturis and check valves 
(BFD-68/67/69/70) before entering the main feedwater lines to steam generators 31, 32, 33, 
and 34. Recirculation lines, located upstream of the check valves (BFD-34/39/3 1) at the 
pump discharges, are routed back to the CST to provide pump protection against deadheading.  
The recirculation lines from the motor-driven pumps include normally-open, fail closed, flow 
control valves (FCV- 1121 and FCV- 1123 for pumps 31 and 33, respectively). The 
recirculation line from steam-driven AFW pump 32 includes a break-down orifice.
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Auxiliary feedwater flow to the steam generators is regulated by eight hand controllers on 
central control room (CCR) panel SCF. These controllers are used to manually position the 
pneumatically-operated control valves: controller HC-406A controls flow from AFW pump 31 

to steam generator 31 by regulating valve FCV-406A; controller HC-405A controls flow from 
AFW pump 32 to steam generator 31 by regulating valve FCV-405A; controller HC-406B 
controls flow from AFW pump 31 to steam generator 32 by regulating valve FCV-406B; 
controller HC-405B controls flow from AFW pump 32 to steam generator 32 by regulating 
valve FCV-405B; controller HC-406C controls flow from AFW pump 33 to steam generator 
33 by regulating valve FCV-406C; controller HC-405C controls flow from AFW pump 32 to 

steam generator 33 by regulating valve FCV-405C; controller HC-406D controls flow from 

AFW pump 33 to steam generator 34 by regulating valve FCV-406D; controller HC-405D 
controls flow from AFW pump 32 to steam generator 34 by regulating valve FCV-405D.  

Dependencies. Motor-driven pumps 31 and 33 are powered from independent 
480-Vac buses 3A and 6A, and with control power being supplied by 125-Vdc power panels 

33 and 32, respectively. The steam turbine-driven pump is supplied with steam by steam 
generators 32 and 33.  

The hand controllers for AFW flow control valves FCV-406A/B (for motor-driven pump 31), 
PT-406A/B, and city water make-up pressure control valve PCV- 1187 are powered from 
118-Vac instrument bus 33. The hand controllers for AFW flow control valves FCV-406C/D 
(for motor-driven pump 33), and city water make-up pressure control valve PCV-1 189 are 
powered from 11 8-Vac instrument bus 32. The hand controllers for AFW flow control valves 
FCV-405A/B/C/D (for the steam-turbine-driven pump 32), turbine speed control valve HCV
1118, and city water make-up pressure control valve PCV- 1188 are powered from 11 8-Vac 
instrument bus 31.  

AFW steam isolation and supply pressure control valve PCV-1 139 is powered from 125-Vdc 

distribution panel 31. AFW steam supply isolation pressure control valves PCV- 131 OA/B are 

powered from 125-Vdc distribution panels 33 and 34, respectively. AFW motor-driven pump 
31 minimum-flow recirculation valve FCV-1121 is powered from 125-Vdc power panel 33; 
the AFW motor-driven pump 33 minimum-flow recirculation valve FCV- 1123 is powered 
from 125-Vdc distribution panel 32. Condensate storage tank low level control valves 
LCV-1 158-1/2 are powered from 125-Vdc distribution panels 34 and 33, respectively.  

The instrument air system is the primary source of air to operate the speed control system on 

the AFW turbine and most of the air-operated valves in the system. Three nitrogen bottles 
are located inside the AFW pump room and connect into the instrument air system 
downstream from a check valve. A pressure regulator valve supplies nitrogen to the 
instrument air header whenever air pressure drops below 50 psig. A schematic of the nitrogen 
supply to AFW valves is shown in Figure 3.2.2.3.
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The following components are supplied with back-up nitrogen:

m Motor-driven AFW pump valve regulators and I/P convertors (FCV-406A-D, PM-406E
H) 

m Turbine-driven AFW pump valve regulators and I/P convertors (FCV-405A-D, PM-405A
D) 

* City water supply valves (PCV- 1187 and PCV- 1189) 

m AFW pump turbine speed controls (HCV- 1118 and HC- 1118).  

Exhaust fans 311 and 312 cool components inside the auxiliary feedwater pump building.  

Instrumentation and Control. The AFW motor-driven pumps can start automatically.  
Manual actuation is also possible--control switches are placed both locally and on the panel 
SCF in the central control room. The local switches allow "Start and Stop" pushbutton 
operation of the pumps. The switches in the control room have three positions: 
"ON-AUTO-TRIP." The pumps will start automatically on: 

m The loss of either of two main feedwater pumps.  

* Two-out-of-three level instruments indicating a low-low water level in any of the four 
steam generators.  

* A safety injection signal.  

m Loss of offsite power with no safety injection signal. This will provide both pumps with 
a start signal after the diesels have tied into the 480-Vac buses. Starting the pumps is 
delayed to allow for the loading of the diesels.  

* An ATWS mitigation system actuation circuitry (AMSAC) trip signal. This signal is 
generated when three of the four feedwater flow transmitters in the ABFP room sense 
less than 21 percent of the design main feedwater flow and both main turbine first-stage 
pressure transmitters sense that turbine power exceeds 40 percent of capacity. After a 
time delay to allow for reactor protection system (RPS) actuation, AMSAC sends the 
redundant signals to trip the main turbine and start all three AFW pumps. A schematic of 
the AMSAC logic is shown in Figure 3.2.2.4.  

Undervoltage on bus 3A or 6A will trip the AFW motor-driven pump fed by that bus.
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The following indications and alarms are provided in the central control room to monitor the 
pumps: 

m On-off-auto trip lights 

* Safeguards off-normal alarm 

* Auto-trip alarm 

m On-local-control alarm.  

The motor-driven pumps have control systems to prevent the pump from "running out." 
Should the discharge pressure of a pump decrease below 1200 psia, a pressure transmitter 
(PT-406A/B for pumps 31 and 33, respectively) will generate a signal that overrides the signal 
from the flow controller on the SCF panel and moves the discharge valve towards the closed 
position until pressure is restored in the discharge line.  

During operation of the turbine-driven pump, the steam supply pressure to the turbine is 
regulated by PCV-1 139 to maintain a 600 psig steam pressure to the turbine. Pressure 
controller PC-1 176S senses the downstream pressure and generates a signal to the positioner.  
The control signal generated by the positioner is then applied to the diaphragm of PCV- 1139 
through the start solenoids. Pressure controller PC-i 176S will also alarm in the central 
control room at a low pressure at 550 psig. Once its pressure has been reduced by PCV
1139, the steam enters the turbine steam chest which contains the governor and turbine trip 
valves. The operation of PCV-1 139 can be controlled by the "ON-TRIP-AUTO" switches.  
One switch is located in the central control room, and one is in the ABFP building.  

These switches control the position of the solenoid valves mounted on the air inlet to the 
valve actuator of PCV- 1139. In their deenergized state, the solenoid valves allow the 
positioner output to open the valve--normally, the valve is maintained in standby, and the 
control switches are in "AUTO." In this standby state, the positioner output is cut off and full 
instrument air pressure is applied to the valve actuator to hold the valve closed. The solenoid 
valves will be automatically deenergized and the steam-turbine-driven pump started by: 

m Two-out-of-three level transmitters indicating low-low water levels in any two steam 
generators 

m Loss of offsite power (provided that a safety injection signal does not exist) 

* AMSAC actuation.  

The steam-turbine-driven pump is a variable speed device controlled by a remote pneumatic 
speed changer station HC-1 118 located on-the panel SCF in the central control room. The 
speed changer is designed to operate a governor valve to control turbine speed. A trip valve
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shuts down the turbine immediately on an overspeed of 4500 rpm. Turbine speed is indicated 
both in the central control room and locally. Under normal conditions, the operator must use 
HC- 1118 to bring the turbine up to speed because the automatic signal to PCV- 1139 will not 
do this. On loss of air to HCV- 1118, the speed changer fails in the full-open position.  

Two temperature controlled air operated shutoff valves, PCV-1310A/B, are mounted in series 
in the steam line to the steam turbine-driven pump. These valves will stop the steam flow 
outside the pump room in the unlikely event of steam line rupture within the ABFP building.  
The valves fail open on loss of instrument air pressure.  

A common flow transmitter for each steam generator indicates, in the central control room, 
flow from the header common to the motor- and steam-turbine-driven pump sections. Pump 
discharge pressure indicators are provided both locally and in the control room.  

The water level in the steam generators is maintained manually from the control room by 
using the hand controller to position the flow control valves.  

In addition to remote control from the control room, all the AFW pumps and flow control 
valves can be operated locally in the ABFP building.  

The positions of the manual valves CT-6 and CT-64 in the line from the CST to the AFW 
pumps are displayed and alarmed in the control room. Redundant level indicators and control 
room alarms are provided to monitor the condensate storage tank volume. The valve 
positions for control valves PCV- 1187/1188/1189 in the inlet line from the city water supply 
are also~-indicated in the control room.  

Pressure switch PC-1355S, located at the nitrogen bottles, will give an annunciated alarm in 
the control room to warn the operator when the nitrogen bottles need to be changed.  

Testing and Maintenance.  

Testing. The AFW system surveillance requirements are: 

" Motor- and steam-turbine-driven pumps--started at least once a month and run for 15 
minutes; full flow is established to the steam generators once every refueling 

" Steam turbine-driven pump--operability test performed before the RCS temperature 
exceeds 350°F 

" City water supply valves PCV- 1187, PCV- 1188, and PCV-I 189--operability test 
performed during every refueling 

" Motor-driven pumps and associated check valves--operability tests performed when the 
plant is in cold shutdown
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* The air-operated feedwater regulating valves on both the motor-driven pump trains and 
the turbine pump train--stroked at least once each quarter.  

m The AFW pump turbine mechanical overspeed trip--tested on a variable schedule. The 
test entails the depressing of the manual overspeed turbine trip lever to trip the turbine 
and demonstrate the operability of the overspeed trip mechanism. The trip mechanism 
must be reset after the test.  

m The automatic initiation of the two motor-driven pumps--tested upon receipt of an 
engineered safeguards (SI) signal and is verified at refueling (i.e., at approximately 
18-month intervals).  

m AMSAC system logic test--performed once every 6 months or when any significant 
change occurs in turbine first stage pressure.  

m AMSAC system functional test--performed every outage to ensure the AMSAC system 
generates trip signals to all applicable final actuation devices when simulated input signals 
are applied to it. All instruments providing input signals to AMSAC are calibrated at this 
time and tested to ensure they provide a signal to the AMSAC system.  

Maintenance. Corrective maintenance is carried out as required and subject to the 
limits imposed by the technical specifications. System unavailability resulting from 
maintenance was quantified using data from the plant daily status reports (DSRs), shift 
supervisor (SS) log, and maintenance work requests (MWRs).  

Applicable Technical Specifications. The technical specifications limit the time that one 
and two AFW pumps may be out of service to 72 and 12 hours, respectively. If all three 
AFW pumps are out of service, the plant shall be placed in a safe stable condition 
immediately. Further, a minimum of 360,000 gallons of water in the condensate storage tank 
and back-up supply from the city water supply must be available. If during power operation 
these conditions cannot be met, the plant must shut down and subsequently cooled below 
350'F using normal operating procedures.  

Operator Interface. Should automatic actuation fail, the operator can start the AFW 
pumps manually both locally and from the central control room panel SCF. The operator 
must open normally-closed flow control valves FCV-405A/B/C/D from CCR panel SCF to 
deliver flow to the SGs from the turbine-driven AFW pump.  

The operator can manually reset the turbine overspeed trip, or take control of the steam
turbine-driven pump should it fail to start on demand as a result of the failure of the turbine 
controls. The operator also must use HC- 1118 to bring the turbine up to speed.  

The operator must open the three normally-closed, air-operated stop valves 
(PCV-1 187/1188/1189) on the supply lines from the city water supply to the AFW pumps
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upon loss of flow from the CST. This can be done from the control room under normal 
conditions. However, should the city water valves fail closed upon loss of ac power from the 
118-Vac distribution system or loss of instrument air and back-up nitrogen, these valves must 
be jacked open locally in the ABFP building.  

The operator can also maintain the level of water in the steam generators from the control 
room by positioning the hand controllers of the AFW flow control valves FCV-405A/B/C/D 
and FCV-406A/B/C/D.  

Model Description. The AFW system fault tree models the causes of a failure of the 
AFW system to deliver sufficient flow to the steam generators under emergency conditions.  
Separate top events were modeled for the three different success criteria. The model 
addresses component-level basic failure events, unavailabilities due to testing and maintenance 
actions, and common-cause failure of the pumps.  

Modeling Assumptions and Characteristics 

[1] The failure of the steam-turbine-driven AFW pump to start on demand was modeled by 
two events: mechanical failure and failure of the turbine controls caused by turbine trip 
on overspeed during startup. The failure of the operator to manually reset the overspeed 
trip, or take control of the steam turbine-driven AFW pump was also modeled.  

[2] No instance of CST rupture or of the CST being empty when required has been recorded.  
Therefore it was concluded that the failure probabilities for these events are very small 
and that they can be omitted from the fault tree model.  

[3] Should the AFW system experience low suction pressure, the operator can switch over to 
the city water by opening air-operated valves PCV- 1187/1188/1189. If instrument air and 
nitrogen are unavailable, however, the valves could not be opened in time because, 
lacking hand cranks, they would have to be jacked open locally.  

[4] The lube oil coolers associated with each AFW pump were considered to be part of the 
pumps and, as such, their failures were included in the pump failure rates.  

1 

[5] DC power and instrument air are not required to open the pressure control valve on the 
steam supply line because their loss will result in the valve opening.  

[6] Without instrument air or dc power, the steam-turbine-driven pump will operate at rated 
speed. Although, initially speed control of the steam turbine-driven pump is not required 
to prevent overfilling the steam generators, the steam-turbine-driven AFW pump can be 
manually controlled in the absence of dc power or instrument air by locally throttling the 
AFW regulating valves (FCV-405A/B/C/D). It was determined that if indications of 
steam generator water level are available, the probability of overfilling the steam 
generators is very small compared to the probabilities of other ways of failing the steam
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turbine-driven AFW pump. Accordingly, overfilling the steam generators was not 
modeled.  

[7] A review of AFW system operating experience at other plants revealed a problem with 
steam binding of AFW pumps. This problem had resulted from back-leakage of 
relatively hot main feedwater through the system check valves. The back-leakage 
resulted in steam accumulation in the AFW lines and failure of AFW pumps. Although, 
the AFW discharge piping is periodically checked by the operator for back-leakage from 
the steam generator feedwater lines, the potential for common-cause pump failures 
remains. Accordingly, this failure mode was included in the system model.  

[8] The probability of piping ruptures was considered insignificant compared to the 
probability of other component failures. Small steam leaks from the turbine-driven pump 
were included in its failure probability.  

[9] In the monthly tests of AFW pumps, the manual gate valves in the pump discharge lines 
are closed and the pump is started manually from the control room or the local control 
panel. Failure to restore valves to their proper positions after pump tests and maintenance 
was included in the fault tree model.  

[10] Valve repairs requiring disassembly of the AFW valve, although not frequent, may have 
a major impact on system availability because of the system isolation requirements for 
safe performance of this maintenance. Therefore, the fault tree model addressed 
maintenance unavailability caused by AFW valve disassembly during plant operation.  

[11] Pump maintenance consists of a range of action from major disassembly to packing 
adjustment. Most maintenance on the AFW pumps requires isolation of the pump from 
the system. Therefore, maintenance unavailability of the AFW pump was addressed in 
the fault tree model.  

[12] Turbine maintenance can range from simple adjustments to major disassembly. These 
outages were accounted for in the contribution of maintenance to unavailability of the 
steam-turbine-driven pump train.  

[13] Because two lines convey steam from the steam generators to the steam-turbine-driven 
pump, the probability of both lines failing is much smaller than the probability of 
mechanical failure for the steam-turbine-driven pump. Accordingly, the possibility of 
both lines failing was not considered in the fault tree.  

[14] The failure of AMSAC circuitry to start AFW pumps is addressed only during ATWS 
conditions with low feedwater flow and no main turbine trip.
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3.2.2.3 Containment Spray System (CSS)

Function. The containment spray system (CSS) is designed to depressurize and remove 
heat from the containment following a LOCA or main steam line break (MSLB) inside 
containment.  

In the injection mode of operation of the CSS, water is taken from the refueling water storage 
tank (RWST) to condense steam in the containment. Once the RWST is exhausted, the CSS 
is manually switched from the injection mode of operation to the recirculation mode--long
term containment pressure control is provided by recirculation cooling via recirculation or 
RHR pumps to the containment spray headers. The operation of the CSS in its recirculation 
mode is addressed elsewhere.  

System Description. In its injection mode of operation, the CSS comprises two 
independent subsystems each consisting of a horizontal, single stage, centrifugal pump, two 
spray headers and nozzles, valves, piping, instrumentation and control. Each pump is capable 
of delivering 2600 gpm at a discharge head of 427 ft. The RWST supplies injection water to 
the CSS.  

A schematic of the CSS with valves in their normal positions for the injection mode of 
operation is shown in Figure 3.2.2.5.  

Success Criterion. The CSS functions successfully if, following a LOCA or MSLB 
inside containment, one of two containment spray pumps delivers borated water through its 
set of spray nozzles and maintains containment pressure below the design pressure.  

Operation. The system is in standby during normal plant operation. The pumps are idle 
and are open to the RWST by locked-open suction valves SI-865A/B. Each pump 
automatically starts on receipt of a high-high containment pressure (22 psig) signal. The 
signal also opens the pump outlet motor-operated discharge valves SI-866A/B. The CSS flow 
discharges through check valves SI-867A/B and locked-open discharge header containment 
isolation valves SI-869A/B to the associated containment spray headers and nozzles. The 
spray nozzles are supplied from four 360-degree ring headers located in the containment dome 
area. Each spray pump supplies two ring headers.  

Interfaces and Dependencies.  

Interfaces. The CSS shares the fluid inventory in the RWST with high- and low-head 
safety injection systems.  

Dependencies. Motor-driven pumps 31 and 32 are powered from independent 480
Vac buses 5A and 6A, respectively. Control power for these pumps is supplied by 125-Vdc 
power panels 31 and 32. CSS pump motor-operated discharge valves SI-866A/B are powered 
from 480-Vac MCC-36A and MCC-36B, respectively. The safeguards actuation system 
provides high-high containment pressure signal to automatically initiate the system.
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Figure 3.2.2.5 Containment Spray System Schematic ( Injection Phase)



Instrumentation and Control. The CSS pumps start automatically upon receipt of the 
high-high containment pressure signal. Manual operation from panel SBF-1 in the control 
room is also possible.  

The CSS pump control switches in the control room have four positions with spring return to 
AUTO: 

" PULL-OUT. The pump is disabled. With the switch in this position the "Safeguards 
Equipment Locked Open" alarm will be annunciated on panel SBF-1 in the central 
control room (CCR).  

* STOP. If running, the pump will be stopped by energizing its circuit breaker trip coil.  

" AUTO. Pump will start on receipt of a high-high containment pressure initiation signal.  

* START. Pump will start.  

When a pump is running, it can be tripped by: 

* Placing the control switch in the STOP or PULL-OUT positions 

" Undervoltage on 480-V buses 5A/6A 

* Closing recirculation switch RS-1 (pump 32 only) 

" Tripping the magnetic overload device on overcurrent.  

The normally-closed spray pump motor-operated discharge valves SI-866A/B automatically 
open upon a high-high containment pressure signal; manual operation is also possible from the 
control switches on the panel SBF-1 in the control room. These control switches have three 
positions "CLOSE/AUTO/OPEN" with spring return to AUTO. Position-indicating lights are 
provided in the control room for each valve. The valves cannot be closed until the safety 
injection signal is reset.  

Testing and Maintenance.  

Testing. The CSS surveillance requirements are: 

" Containment spray pump functional test once a month 

* Containment spray valves operability test once a month 

" Containment spray pumps and check valves operability test every 24 months during cold 
shutdown
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m Spray nozzles are checked for blockage every 5 years using air pressurization and infra

red monitoring techniques.  

Maintenance. Corrective maintenance is carried out as required within the limits 

imposed by the technical specifications. Maintenance-induced system unavailability was 

quantified using data from the plant daily status reports (DSRs), shift supervisor (SS) log, and 

maintenance work requests (MWvRs).  

Applicable Technical Specifications. The reactor shall not be brought above cold 

shutdown unless two containmnent spray pumps and their associated valves and piping are 

operable. Two exceptions are allowed: 

m One containment spray pump may be inoperable for not more than 24 hours provided that 

the five fan cooler units are operable and the other containment spray pump is 

demonstrated to be operable.  

* Any valve required-for operation of the system during and after accident conditions may 

be inoperable provided it is returned to service within 24 hours and all valves that 

duplicate the function of the inoperable valve are demonstrated to be operable.  

Should these conditions not be met, the reactor shall be in the hot shutdown condition within 

4 hours and in the cold shutdown condition within the following 24 hours.  

Operator Interface. Should automatic actuation fail, the operator can start the CSS 

pumps and open the pump motor-operated discharge valves from panel SBF-1 in the control 

room.  

Model Description. The CSS fault tree was constructed with the top event "No! 

insufficient borated water flow from RWST to containment after LOCA or MSLB inside 

containment." The model addresses component-level basic failure events, unavailabilities due 

to testing and maintenance actions, and common-cause failure of the pumps.  

Modeling~ Assumptions.  

[1] The lack of water in the RWST was not modeled because it represents a violation of the 

technical specifications.  

[2] Heat tracing provided on the outdoor piping associated with the RWST was considered to 

be available prior to accident sequence initiation. Therefore, boron crystallization in the 

pipes was not modeled because of its low probability.  

[3] The spray additive tank (SAT) and associated piping (a subsystem to supply water 

containing NaOH to the containment) was not modeled because it is not germane to 

events examined in this IPE.
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[4] The spray nozzles and spray header are kept dry and are inspected every 5 years.  
Accordingly, corrosion sufficient to plug all the spray nozzles is unlikely and therefore 
was not modeled.  

[5] Failure to restore valves to their proper position after pump tests and maintenance was 
included in the fault tree model.  

[6] The spray flow test lines are isolated by two normally-closed valves. The probability that 
flow will be diverted through these lines was considered extremely low.  

[7] Pipes with diameters less than one-third the diameter of the main flow path piping from 
which they branch were not considered to be diversion paths. Therefore, the flow path to 
charcoal filter dousing units was not modeled.  

3.2.2.4 High-Head Safely Injection (HHSI) System 

Function. The functions of the high-head safety injection (HHSI) system are to: 

m Mitigate the consequences of LOCAs and steam generator tube ruptures by maintaining 
the reactor vessel water inventory until the reactor coolant system (RCS) is depressurized 
to'the point at which the low-head safety injection system can operate.  

m Mitigate the consequences of main steam line break (MSLB) accidents by injecting a 
highly concentrated, boric acid solution to prevent recriticality caused by excessive cooling 
of the RCS.  

m Perform, in conjunction with the power-operated relief valves, bleed-and-feed core 
cooling in response to transient initiating events if all secondary cooling systems fail.  

System Description. The HHSI system consists of a boron injection tank (BIT), the 
refueling water storage tank (RWST), three motor-driven horizontal centrifugal high-head 
safety injection pumps, and valves, piping, and associated control and instrumentation. Each 
pump is capable of delivering 400 gpm (the design flow rate) at 1100 psig. Three HHSI 
pumps take suction from the RWST and discharge into all the RCS cold legs through two 
high pressure discharge headers. The safety injection signal activates the HHSI pumps; no 
borated water is delivered until the RCS pressure falls below the 1500-psig HHSI pump 
minimum shut off head.  

A schematic of the HHSI system with valves in their normal position is shown in Figure 
3.2.2.6.
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Success Criteria. Success criteria for the HHSI system are:

m At least one of the three HHSI pumps must deliver borated water from the RWST into 
the reactor core through at least one RCS cold leg during bleed-and-feed, transients and 
small LOCAs.  

m At least one HHSI pump must deliver borated water from the RWST to the reactor core 
through at least two RCS cold legs during intermediate LOCAs.  

n In conjunction with the operation of accumulators, at least two HHSI pumps must deliver 
borated water from the RWST into the reactor core through at least two RCS cold legs 
during large LOCAs.  

Operation. There are three subsystems in the HHSI system. Each subsystem consists of: 
an HHSI pump (31, 32, and 33); suction valves [SI-848A (pump 31), motor-operated valves 
SI-887A/B (pump 32), and SI-848B (pump 33)]; discharge isolation valves [motor-operated 
valves SI-850A/C (pump 31) and SI-851A/B (pump 32), and manual valve SI-850B (pump 
33)]; and discharge check valves SI-849A (pump 31), SI-852A/B (pump 32) and SI-849B 
(pump 33).  

The borated water discharged by the HHSI system is stored in the RWST. The HHSI pumps 
take suction from a common outlet header associated with the RWST through locked-open 
manual valve SI-846, normally de-energized and open motor-operated valve SI-1810 and 
check valve SI-847. The pumps then deliver flow to two separate discharge headers (lines 16 
and 56). Should valve SI-1810 fail, an alternate suction path is provided for pump 32 
through manual valve SI-898. A minimum flow bypass line is provided on each pump 
discharge to recirculate flow to the RWST. Each pump discharges through a normally-open 
manual valve (SI-1807A/B/C) and a check valve (SI-884A/B/C) to a minimum flow 
recirculation header. The flow proceeds through normally de-energized and open motor
operated valves (SI-843 and 842) and manual valve SI-1862 to the RWST. The minimum 
flow bypasses assure positive minimum flow should the main flow path be blocked or the 
pumps operate against RCS pressures greater than the pump discharge pressure (i.e., > 1500 
psig).  

HHSI pumps 32 and 33 discharge to the BIT through two normally-closed motor-operated 
valves SI-1852A/B. Flow leaves the BIT through two normally-closed motor-operated valves 
SI-1835A/B. These valves open on receipt of a safety injection signal. The three HHSI 
pumps are arranged so that any two can supply borated water to both discharge headers. Each 
discharge header feeds four cold legs and one hot leg. Pump 31 can supply all four RCS cold 
legs and the loop 3 hot leg. Pump 33 can supply all four RCS cold legs and the loop 1 hot 
leg via the BIT. The discharge from pump 32 is divided between the non-BIT header via 
motor operated valve SI-851A and check valve SI-852A and the BIT header via motor 
operated valve SI-851B and check valve SI-852B. Each supply line contains an isolation valve 
(SI-856A to H/J/K). In addition, lines to the cold leg loops branching from line 56 contain
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three series check valves (SI-857W/U and SI-897D, 857TiS and SI-897B, 857R/Q and SI
897C, 857G/A and SI-897A) and lines to the cold leg loops branching from line 16 contain 
two series check valves (857H/B, 857J/C, 857K/D, 857L/E, 857M/F, 857P/N). Hot leg 
motor-operated valve SI-856B cannot be opened unless cold leg valves SI-856H/J are shut; 
hot leg motor-operated valve SI-856G cannot be opened unless cold leg valves SI-856C/E are 
shut. During normal plant operation, the two hot leg motor-operated valves (SI-856B/G) are 
de-energized and closed to preclude inadvertent hot leg injection. They are opened only 
during the hot leg recirculation phase.  

Interfaces and Dependencies.  

Interfaces. The HHSI system shares the fluid inventory in the RWST with the low
head safety injection and containment spray systems. Technical specifications require a 
minimum 346,870 gal. of water in the RWST with a boron concentration of between 2400 
and 2600 ppm.  

Dependencies. Motor-driven pumps 31, 32 and 33 are powered from independent 
480-Vac buses 5A, 2A, and 6A, respectively. Control power for these pumps is supplied by 
125-Vdc power panels 31, 33 and 32. Most HHSI motor-operated valves are powered by 
480-Vac MCC-36A and MCC-36B: motor-operated valves SI-1810, SI-887A, SI-842, 
SI-850C, SI-851A, SI-856C, SI-856E, SI-1835A, and SI-1852A are powered from MCC-36A; 
motor-operated valves SI-887B, SI-843, SI-850A, SI-851B, SI-856H, SI-856J, SI-1835B, and 
SI-1852B are powered from MCC-36B. Air-operated valves SI-1851A/B receive power from 
125-Vdc distribution panels 31 and 32. The instrument air system supplies air at nominal 100 
psig pressure to operate these two valves.  

The safeguards actuation system (SAS) provides the safety injection signal to start HHSI 
pumps, open the BIT isolation valves (MOVs SI-1835A/B and SI-1852A/B) and close the BIT 
recirculation isolation valves (AOVs SI-1851A/B). The SAS also initiates numerous 
automatic actions via the eight recirculation switches during manual switchover from the 
injection to recirculation modes of operation.  

Each HHSI pump has a small shaft-driven cooling water pump fed from the component 
cooling water (CCW) system that provides an intermediate source of cooling water to the 
HHSI pump coolers (seal coolers, seal jacket coolers and lube oil cooler) whenever the pump 
is in operation. Pump 31 takes its cooling water from CCW 31 header while pumps 32 and 
33 take cooling water from CCW 32 header.  

The primary auxiliary building (PAB) ventilation system provides cooling in normal and 
accident conditions for the HHSI components located inside the PAB. The heat tracing 
system (HTS) heats HHSI piping that may be exposed to temperatures near or below freezing.  
The HTS maintains the temperature of the nominal 12 weight percent boric acid above 130'F.
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Instrumentation and Control. The safety injection signal automatically starts all three 
HHSI pumps, opens motor-operated valves SI-1852A/B and SI-1835A/B to allow borated 
water flow through the BIT, and closes the BIT recirculation isolation valves SI-1851A/B.  
Manual actuation of the pumps and most of the motor operated valves is possible from CCR 
panel SBF-2. Valves SI-1810, SI-842, SI-843, and AOVs SI-1851A/B can be activated 
manually from CCR panel SBF-1.  

The HHSI pump control switches in the control room have four positions with spring return 
to AUTO: 

" PULL-OUT. The pump is disabled. With the switch in this position the "Safeguards 
Equipment Locked Open" alarm will be annunciated on panel SBF-2 in the central 
control room (CCR).  

" STOP. If running, the pump will be stopped by energizing its circuit breaker trip coil.  

* AUTO. Pump will start on receipt of a safety injection signal.  

" START. Pump will start.  

When a pump is running, it can be tripped by: 

" Placing the control switch in the STOP or PULL-OUT positions 

" Uidervoltage on 480-V buses 5A/2A/6A 

" Closing recirculation switch RS-1 (pump 32 only) or RS-6 (all pumps) 

m Tripping the magnetic overload device on overcurrent.  

The control switches for the motor operated valves have three positions "CLOSE-AUTO 
-OPEN" with spring return to AUTO. The control switches of air-operated valves 
SI-1851A/B have two positions "CLOSE-OPEN." Position-indicating lights are provided for 
each valve in the control room.  

Redundant level monitoring is provided for the RWST to maintain RWST water levels within 
technical specification requirements: level transmitter LT-920 provides CCR indication of the 
RWST level on panel SBF-1 and level indicating controller LIC-921 provides local indication.  
Both LT-920 and LIC-921 also provide control room annunciation of RWST low-low level, 
thus allowing the operators to determine when to initiate a switchover to the recirculation 
mode following safety injection actuation.  

Temperature indicating controllers provide remote (TIC-917) and local (TIC-918) indications 
of BIT temperature and control the BIT heaters.
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Testing and Maintenance.

Testin . The HHSI system surveillance requires that each HHSI pump be tested 
monthly for 15 to 30 minutes. The surveillance test entails: 

" Checking to ensure manual valves SI-846, SI-848A/B, SI-850B, SI-1807A/B/C, SI-1862 
are open.  

* Checking MOVs to ensure SI-1810, SI-842, SI-843, SI-850A/C, SI-851A/B, SI-887A/B 
are open.  

" Checking MOVs to ensure SI-851A/B are closed (if pumps 31/33 in test).  

* Ensuring an abnormal valve lineup throughout the test by opening test line manual valves 
SI-859A/B/C and, during tests of pumps 32 and 33, closing BIT bypass manual valves 
SI-1833A/B and BIT isolation MOVs SI-1835A/B and SI-1852A/B.  

" Starting each pump and allowing it to run for 15 to 30 minutes, recirculating water to the 
RWST. Vibration, temperature, pressure, and flow are measured and recorded on plots.  

" Stroking MOVs SI-850A/C, SI-851A/B once during the test.  

" Flow testing valves on the injection side of the pumps.  

* Verifying check valves SI-847, SI-849A/B, and SI-852A/B are open and check valves 
SI-852A/B (pumps 31/33 in service) and SI-849A/B (pump 32 in service) are closed to 
prevent counter rotation of the pumps.  

The operability test for the high-head safety injection check valves (SI-847, SI-849A, 
SI-852A, SI-857A to H/J to N/P to W) is performed before completion of plant heat-up from 
cold shutdown and at every refueling. In this test, the following motor-operated valves are 
stroked for operability verification: MOVs SI-842, SI-843, SI-850A/C, SI-851A, SI-856A to 
H/J/K.  

The operability test for HHSI system RWST valves SI-842, SI-843 and SI-1810 and pump 32 
suction isolation valves SI-887A/B is performed at every refueling.  

Maintenance. Corrective maintenance is carried out as required, within limits 
imposed by the technical specifications. System unavailability resulting from maintenance 
was quantified using data from the plant daily status reports (DSRs), shift supervisor (SS) log, 
and maintenance work requests (MWRs).
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Applicable Technical Specifications. The reactor shall not be brought above cold 
shutdown unless: 

" The RWST contains a minimum of 346,870 gallons of water with a boron concentration 
of between 2400 and 2600 ppm.  

* The BIT contains 900 gallons of boric acid solution with a concentration of 11.5 to 13 
weight percent and a temperature of at least 1450F. Two channels of heat tracing shall be 
operable for that portion of the flow path bounded by the BIT inlet and outlet motor
operated valves and the recirculation flow path to and from boric acid tanks.  

" The RWST low level alarms are operable and set to alarm when the volume of water in 
the tank falls to between 98,100 and 100,850 gallons.  

" Three HHSI pumps and their associated valves and piping are operable.  

" MOVs SI-856B/G in the HHSI discharge headers are closed and their power supplies 
de-energized.  

* MOVs SI-842, SI-843 and SI-1810 are open and their power supplies de-energized.  

Four exceptions are allowed: 

* One HHSI pump may be out of service for not-more than 24 hours provided that the 
remaining two pumps are demonstrated to be operable.  

" Any valve required for operation of the system during and after accident conditions may 
be inoperable provided it is returned to service within 24 hours and all valves that 
duplicate the function of the inoperable valve are demonstrated to be operable.  

* One channel of heat tracing associated with the BIT and its recirculation line may be out 
of service provided the failed channel is restored to operability within 7 days and the 
redundant channel is demonstrated to be operable daily during that period.  

* One RWST low level alarm may be out of service for up to 7 days provided the other 
low level alarm is operable.  

Should these conditions not be met, the reactor shall be in the hot shutdown condition within 
4 hours and in the cold shutdown condition within the following 24 hours.  

Operator Interface. Should automatic actuation fail, the operator can start the HHSI 
pumps and open motor-operated valves SI-1852A/B and SI-1835A/B from panel SBF-2 in the 
control room and close the BIT recirculation isolation valves SI-1851A/B from panel SBF-1.  
Motor-operated valves SI-842, SI-843, and SI-1810 can be manually opened from panel
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SBF-1. Motor-operated valves S1-851A/B and SI-856C/E/J/H can be manually opened from 

panel SBF-2.  

Model Description. The HHSI fault tree was constructed with different top events to 

model the causes of a failure of the HHSI system to deliver sufficient borated water flow 

from RWST to the RCS under emergency conditions for the different success criteria. The 
model addresses component-level basic failure events, unavailabilities due to testing and 

maintenance actions, and common-cause failure of the pumps and valves.  

Modeling Assumptions.  

[1] A lack of water in the RWST was not modeled because it represents a violation of the 
Technical Specifications.  

[2] Heat tracing provided on the outdoor piping associated with the RWST was considered to 

be available prior to accident sequence initiation. Therefore, boron crystallization in the 
pipes was not modeled because of its low probability of occurrence.  

[3] To prevent the formation of cold spots and stratification within the BIT tank during 
normal operation, the contents of the BIT are continuously recirculated by a boron 
injection recirculation loop. The recirculation loop is automatically isolated on receipt of 
a safety injection signal. In addition, redundant tank heaters and line heat tracing are 
provided to ensure that the solution will be stored at a temperature at least 145°F at a 
nominal 11.5 to 13 weight percent concentration of boric acid. Therefore, boron 
crystallization in the BIT and piping was not modeled because of its low probability.  

[4] Failure to restore valves to their proper positions after pump tests and maintenance was 
included in the fault tree model.  

[5] Pump deadheading and subsequent failure were not modeled for the large LOCA event 
as, in that event, RCS pressures will be below the HHSI pump shut-off head and dead
heading will not occur.  

3.2.2.5 Main Steam System 

Function. The main steam system (MSS) has dual safety functions: it removes reactor 
decay heat and rejects it to atmosphere via the condenser or atmospheric dump valves or main 
steam code safety relief valves and it isolates a faulted steam generator should a steam line 
break (to limit steam generator blowdown and the subsequent RCS cooldown rate) or a steam 
generator tube rupture (to limit RCS inventory loss and radioactive releases).  

System Description. The MSS consists of four steam generators. Each discharges to a 
28 inch main steam header. Each header is equipped with:
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m An atmospheric dump valve (MS-PCV-1134/1135/1136/1137)

" Five code safety relief valves (MS-45-1/2/3/4, MS-46-1/2/3/4, MS-47-1/2/3/4, MS-48
1/2/3/4, and MS-49-1/2/3/4) 

* A main steam isolation valve (MS-1-31/32/33/34).  

" An MSIV bypass valve (MS-55-1/2/3/4) 

" A non-return valve (MS-2-31/32/33/34) 

" A steam generator blowdown isolation valve (PCV-1214A, PCV-1215A, PCV-1216A, 
PCV-1217A) 

" Main steam trap isolation valves (MS-91-1, MS-58-3, MS-58-4; MS-91-2, MS-58-1, MS
58-2; MS-91-3, MS-58-7, MS-58-8; and MS-91-4, MS-58-5, MS-58-6).  

In addition, the headers from steam generators 32 and 33 have auxiliary feedwater pump 
turbine steam supply isolation valves (MS-41/42). Only steam generators 32 and 33 provide' 
steam to the auxiliary feedwater pump turbine.  

To prevent uncontrolled RCS depressurization, the auxiliary feedwater supply to the faulted 
steam generator must be isolated. While for convenience, the operation of AFW system 
valves is addressed here, the valves are themselves described in Section 3.2.2.2.  

A schematic of the MSS with valves in their normal position is shown in Figure 3.2.2.7.  

Success Criteria. The success criteria for the MSS are event dependent. For sequences 
that result in a loss of the main condenser as a heat sink, at least one SG atmospheric dump 
valve or one main steam code safety relief valve must open to reject decay heat to 
atmosphere. Should an MSLB occur upstream of the MSIV, the auxiliary feedwater supply to 
the faulted steam generator must be isolated and the MSIV or non-return valve of the faulted 
SG must close or the MSIVs of all the intact steam generators must close to preclude 
uncontrolled RCS cooldown that would result from depressurization of multiple steam 
generators through the break. Should SG depressurization be required, two of four 
atmospheric dump valves (ADVs) must be available.  

Should an MSLB occur downstream of the MSIV, the main steam isolation valves on at least 
three steam generators must close to limit uncontrolled RCS cooldown. For SGTR events, 
feedwater flow to the faulted SG must be stopped to prevent steam generator overfilling and 
steam flow from the steam generator must be stopped to prevent or limit radionuclide releases 
to the environment.
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Operation. The atmospheric dump valves (ADVs) are normally-closed, air-operated 
valves designed to fail closed on loss of power or instrument air. They are normally operated 
in the automatic mode, set to open at 1055 psig. At their set pressure, the ADVs have a 
combined relief capacity of 10 percent of maximum steam flow. The ADVs may also be 
manually operated from the CCR by placing their individual MANUAL/AUTO (M/A) station 
in MANUAL. Local operation of the ADVs is available at the local stations on the 65-ft 
elevation of the auxiliary boiler feed pump (ABFP) building. A hard-piped nitrogen gas 
supply is provided to each ADV. Should normal instrument air be unavailable, this back-up 
nitrogen supply can be used after making the necessary valve alignments. Should both 
instrument air and the hard-piped nitrogen gas supply be unavailable, manually-connected 
back-up compressed gas bottles are provided at the local station to permit ADV operation.  

The MSIVs are swing type stop check valves mounted reverse to steam flow such that the 
process flow will assist in closing the valve. Valve movement is also facilitated by an 
integral spring. The MSIVs will close automatically upon receipt of a main steam isolation 
signal. The MSIVs can also be closed manually in accordance with emergency operating 
procedures should the auto signal fail. Control room switches are located on panel SBF-1.  
The valves may also be closed by venting the valve actuator at the local stations on the 65
and 77-ft elevations of the ABFP building. The valves are closed by energizing solenoid 
valves to isolate supply air to, and exhaust air from, the actuator. The code safety relief 
valves and non-return valves are purely mechanical. The safety valves will lift when SG 
pressure exceeds the valve spring tension. The non-return valves will seat against reverse 
flow.  

The turbine-driven ABFP steam supply valves are stop check valves which seat against 
reverse flow. They are also equipped with handwheels to permit manual closure.  

The MSIV bypass valves and the main steam trap isolation valves are manually operated.  

Dependencies. The controllers for the atmospheric dump valves are powered from 118
Vac instrument buses 33 and 34. Motive power to stroke the valves is provided by the 
instrument air system; a hard-piped but manually-aligned back-up nitrogen supply is provided 
at the local control station. The MSIVs are held open by instrument air: valve closure 
requires that the air supply and exhaust solenoid valves be energized. Each MSIV has two air 
supply valves in series and two exhaust valves in parallel. The solenoid valves are powered 
by redundant power supplies from 125-Vdc buses 33 and 34 to prevent failure of a single 
solenoid valve or bus from precluding MSIV closure.  

Instrumentation and Control. Operation of an ADV is regulated by its auto/manual 
controller on panel FBF in the CCR. A modulating positioner signal controls instrument air 
flow through an air booster relay to control valve position. In AUTO, valve position is varied 
to control SG pressure at an operator-selected setpoint. In MANUAL, the controller positions 
the valve to the selected position.
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The MSIVs can be closed manually or automatically. Manual control switches are located on 
panel SBF-1. The MSIVs may also be manually tripped from the ABFP building. The 
valves are closed automatically on receipt of a steam line isolation signal generated by the 
safeguards actuation system (SAS). This signal is initiated by a high containment pressure (> 
22 psig) or high steam flow coincident with a low average RCS temperature or low steam line 
pressure.  

The instrumentation and control of the auxiliary feedwater discharge valves are described in 
Section 3.2.2.2.  

Testing and Maintenance.  

Testing. The surveillance requirements for the main steam components within the 
scope of this study are: 

m Each refueling outage, the MSIVs are demonstrated operable by closing the valves and 
assuring valve stroke time is < 5 sec.  

m The ADVs are stroked to assure valve motion in the open or closed direction is complete 
in < 20 sec.  

* The steam generator blowdown containment isolation valves are stroke tested every 
quarter.  

m Each refueling outage, the main steam line non-return check valves are visually inspected 
to assure proper closure.  

Maintenance. System unavailability resulting from maintenance was quantified using 
data from the plant daily status reports (DSRs), shift supervisor (SS) log, and maintenance 
work requests (MWRs).  

Applicable Technical Specifications. Technical specifications require that the reactor 
shall not be heated above 350°F unless: 

* A minimum ASME code-approved steam relieving capability of twenty main steam 
valves is available (except for testing). Operation with up to three of the five main steam 
line safety valves on each steam generator inoperable is permitted, provided the 
inoperable valves are made operable within four hours or the power range neutron flux 
high trip setpoint is reduced in accordance with Technical Specification Table 3.4-1.  
Otherwise the reactor shall be in hot shutdown within the next 6 hours and in cold 
shutdown within the following 30 hours.  

* The main steam isolation valves are operable and capable of closing in 5 sec. or less.
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" System piping and valves directly associated with the above components are operable.  

" Two steam generators can perform their heat transfer function.  

Operator Interface. Operator interface with the MSS depends upon the particular 
accident sequence. In transients that result in a complete loss of all feedwater and the 
unavailability of bleed-and-feed cooling, the operator must depressurize the steam generators 
at the maximum rate to establish condensate flow to the steam generators. For small-break 
LOCAs with subsequent failure of high-head safety injection, the operator must use the ADVs 
to cool and depressurize the RCS to allow low-head injection. In sequences that result in a 
steam line break, the operator must stop the flow of feedwater to the faulted SG and verify or 
initiate MSIV closure to prevent RCS over-cooling. In addition, the operator must open or 
manually control the atmospheric dump valves associated with the intact steam generators.  
SGTR events require the operator to isolate the affected SG to limit radionuclide release and 
prevent ,SG overfilling.  

For sequences involving loss of instrument air and the need for SG depressurization, the 
operator must align the back-up nitrogen to the ADVs.  

Model Description. The MSS fault tree was constructed with a top event for each 
success criterion. The top events are defined as: 

" RCS overcooling following an MSLB inside containment 

" .RCS overcooling following an MSLB outside containment 

" Loss of steam generator depressurization capability 

m - Uncontrolled release through ruptured steam generator tube.  

The fault tree models address component-level basic failure events, unavailability due to 
testing and maintenance actions, and common cause failure.  

Modeling Assumptions and Characteristics.  

[1] Simultaneous faults in multiple steam generators were not addressed because of their low 
frequency (i.e., tube ruptures or MSLBs in more than one SG were not considered).  

[2] Failure of an MSIV on an intact SG for MSLBs upstream of the MSIVs leads to RCS 
over-cooling.  

[3] Failure of passive components (i.e., main steam flow restrictors and system piping) was 
not modeled other than as a sequence initiator because of its low probability.
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[4] Successful operation of one of twenty main steam code safety relief valves or one of four 
atmospheric dump valves will provide adequate RCS decay heat removal. Because of its 
low probability, the loss of all relief and dump valves was not modeled.  

[5] Successful depressurization of the steam generators requires that at least two of four 
ADVs open.  

[6] Failure to close the main steam trap isolation valves was not taken as a functional failure 
to isolate the SG because of the small size of the valves and the lines to them.  

[7] No credit was taken for operation of the condenser steam dump valves.  

3.2.2.6 Service Water System (SWS) 

Function. The service water system (SWS) is a raw water system that removes heat 
from specific systems and components. The SWS must also remove reactor and containment 
heat and reject it to the ultimate heat sink (the Hudson River) during postulated accident 
sequences.  

System Description. The SWS consists of essential and non-essential supply headers, 
with three service water pumps supplying each header. Three back-up service water pumps 
are available. They are normally aligned to the essential header. System loads can be 
supplied from either header, interchangeably, but the system is maintained and operated as a 
split system when the reactor is above cold shutdown. The main service water pumps are 
each rated at 6000 gpm at a 195 ft total discharge head (TDH) at the best efficiency point.  
Each back-up service water pump (37/38/39) is rated at 5 000 gpm at a 220 ft TDH. Loads 
that require cooling water immediately in the event of a loss of offsite power or LOCA are 
considered essential loads and are supplied by the essential header,. In this study, pumps 34, 
35 and 36 were selected as being aligned to the essential header; the other set of pumps 
(31/32/33) are aligned to the non-essential header. The following essential loads were 
considered: 

" Contairnent building fan recirculation units 

" Diesel generator lube oil and jacket water coolers 

" Instrument air closed loop cooling water heat exchangers.  

The non-essential header loads modeled were the component cooling water heat exchangers.  
Service water flow to the heat exchangers must be manually initiated following a loss of 
offsite power or receipt of a safety injection signal.
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While all the service water pumps take their suction from the Hudson River, the main and 
back-up pumps are located in diverse areas: the main service water pumps are located in the 
intake structure; the back-up pumps take their suction from the discharge canal. The rationale 
for having diverse locations is to assure a continued service water supply should a marine 
vessel strike and block the intake structure.  

A schematic of the SWS with valves in their-normal position is shown in Figure 3.2.2.8.  

Success Criteria. Success criteria for the SWS are header dependent. For the essential 
header, success is defined as adequate flow from at least two of three pumps. This is based 
on the assumption that single pump operation with containment fan cooler temperature control 
valves TCV- 1103/1104/1105 open may result in pump runout and failure. The back-up 
service water (SW) pumps were excluded from this analysis.  

Success for the non-essential header was defined as adequate flow from two of three non
essential SW pumps or adequate flow from one non-essential service water pump provided the 
operator closes valve FCV-1112. These criteria avoid pump runout and failure.  

Operation. The number of service water pumps normally running on the essential and 
non-essential headers depends on the plant operating mode and river temperature. The back
up service water pumps are maintained in standby with all valves aligned to the essential 
service water header. System valves are manually aligned to establish the essential header 
flow path. The pumps designated for service on the essential header are selected using the 
service water pump select switch on CCR panel SBF- 1. The select switch closes relay 
contacts that will automatically start the essential service water pumps on receipt of a safety.  
injection signal. The essential service water pumps take their suction from the intake 
structure and discharge through a check valve (SWN 1-4/5/6) and strainer discharge butterfly 
valve (SWN 2-4/5/6) into the service water common discharge header (line 408). The back
up service water pumps are fed from the discharge canal and discharge their flow through a 
check valve (SWN 90-1/2/3), automatic strainer, and discharge butterfly valve (SWN
91/92/93). The common discharge passes through check valve SWN 100-3 and butterfly 
valve SWN-97 before entering the essential header.  

Essential service water flow to the containment recirculation fan cooler units (FCUs) is 
supplied from a common header through valve SWN-38. The header can be split by valves 
SWN-40-1/2. Each FCU is provided with an inlet isolation valve (SWN-41-1/2/3/4/5) 
outboard of containment. Inside containment, each supply line splits to provide service water 
to a FCU cooling coil and FCU fan motor cooler. The fan motor coolers are provided with 
normally-open, manual inlet and outlet isolation valves (SWN-520/522/524/526/528 and 
SWN-521/523/525/527/529). Each line exits containment separately and is equipped with an 
outboard isolation valve (SWN-44-1/2/3/4/5 and SWN-71-1/2/3/4/5). Flow from the 
individual FCU cooling coils enters a common header and passes through temperature control 
valves TCV-1 103/1104/1105.
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Service water to the emergency diesel generator jacket water and lube oil coolers is supplied 
from the main header through SWN-29. Flow then passes through an inlet isolation valve 
(SWN-62-2/4/6) to the lube oil coolers and jacket water coolers in series. Flow exits via the 
discharge isolation valves (SWN-67-1/2/3) and enters the common discharge header. The 
combined flow passes through metering valve SWN-55 which is a normally-closed, manually
operated, butterfly valve with four 1 3/4-in. holes drilled in the disk. This arrangement 
ensures the proper distribution of service water to all essential loads should there be a 
simultaneous loss of offsite power and loss of instrument air pressure. Flow then passes 
through two flow control valves mounted in parallel (FCV- 1176 and FCV- 1176A) and finally 
to the discharge canal. Flow control valves FCV-1176 and FCV-1176A regulate total flow 
through the coolers 

Service water flow to the instrument air cooling water heat exchangers is supplied from the 
main header. Flow passes through inlet isolation valves SWN-70-1/2, the heat exchangers, 
and discharge isolation valves SWN-28-1/2. The flows then merge and pass through 
temperature control valve TCV- 1113 and its inlet and outlet isolation valves (SWN-87-1/2) to 
the discharge canal.  

Non-essential service water is supplied to the component cooling water heat exchangers from 
the main supply header (line 407) through valve SWN-31. Flow then proceeds to heat 
exchanger 31 via the cross-tie valves SWN-33-1/2 and inlet isolation valve SWN-34-1, and to 
heat exchanger 32 via inlet isolation valve SWN-34-2. Service water exits the heat 
exchangers via outlet isolation valves SWN-35-1/2. The streams are then combined and 
discharged to the canal.  

Dependencies. The main service water pumps receive power from the 480-Vac 
distribution system: pumps 31 and 34 are powered from bus 5A, pump 32 from bus 2A, pump 
35 from bus 3A, and pumps 33 and 36 from 6A. The back-up service water pumps receive 
power as follows: pump 37 is powered. from bus 5A, pump 39 from bus 6A and pump 38 
from MCC-312A.  

The controllers that exercise pressure and temperature control over service water flow to 
various loads are powered from the 118-Vac instrument bus system.  

Instrumentation and Control. The SWS must operate with at least one essential and 
one non-essential service water pump running whenever the reactor is above cold shutdown 
conditions. The essential service water pumps are selected by the operator using the mode 
select switch located on CCR panel SBF-1. This switch closes contacts in the pump control 
circuit which permit (or inhibit) pump start immediately following a safety injection signal or 
loss of offsite power. Service water pump breaker control switches with running light 
indication are located on CCR panel SJF for all pumps except back-up service water pump 
38. The pump controls in the CCR are four position "TRIP-PULLOUT/STOP/AUTO 
/START" switches. In the TRIP-PULLOUT position, the pump is disabled from starting 
automatically on receipt of a signal or operation of a recirculation switch (RS-2 or RS-7). In

3-276



AUTO, the pumps selected for essential service will start on a safety injection signal or, after 
a loading sequence time delay, loss of offsite power. Pumps selected for non-essential service 
with control switches in AUTO will trip upon receipt of a safety injection signal or on loss of 
offsite power. They can be restarted by manually resetting the SI signal and starting the 
pumps. Should offsite power be lost, the pumps will be restarted by the operator. In the 
START position, a pump will start provided it has been selected for remote operation at its 
LOCAL/REMOTE selector switch. Back-up pumps do not have an auto-start feature. Pumps 
37 and 39 are manually started from the CCR; pump 38 may be started only from MCC
312A.  

The pump motors are protected by undervoltage and overcurrent trips.  

Most status indicators for the SWS are mounted locally. However, process variables at 
critical components are provided with remote (CCR) indication and alarms. Discharge flow 
and pressure for each main service water pump is monitored in the CCR. The back-up pump 
discharge pressures are locally monitored. Service water header pressure indication and high
and low-pressure alarms are provided in the CCR from PI-1190, PA- 1111 A/B and PA
1112A/B. Service water flow from the FCUs is monitored by FT-1121/1122/1123/1124/1125 
which provide indication and alarm functions. The alarm function will actuate only when a 
safety injection signal has been generated. FCU discharge temperature is monitored by TI
1203. The operators use this indicator to position TCV- 1103 and regulate containment 
ambient temperature during normal operation by controlling flow through the FCUs.  

Total service water flow from all of the emergency diesel generator coolers is measured by 
flow indicating controller FIC- 1176. Flow through the coolers is regulated by two air
operated control valves (FCV- 1176 and FCV-1 176A) mounted on the discharge header--FIC
1176 generates a pneumatic signal to the control valve positioners through solenoid valves 
SOV-1274 and SOV-1275. In normal operation, these solenoid valves remain energized and 
closed, preventing the flow control valves from opening until a diesel start signal is received.  
Should a safety injection signal be received or high temperature be detected in the lube oil or 
jacket water cooler, SOV-1276 and SOV-1276A are de-energized, exhausting air from FCV
1176 and FCV-1 176A and causing the valves to open fully.  

Each of the two service water flow control valves (SWN-FCV- 1176 and 11 76A) has two local 
control switches in the emergency diesel generator (EDG) valve room. One switch is a two
position "OPEN/CLOSE" switch and the other is a three-position "OPEN/AUTO/CLOSE" 
switch. As stated above, the two-position switch is associated with the control of service 
water flow through the EDGs: in OPEN, flow is controlled to maintain 1200 gpm to the 
EDGs even if they are not running. In CLOSE, the valve remains closed until EDGs are 
started; then flow is controlled at 1200 gpm.  

The three position "OPEN/AUTO/CLOSE" switch is associated with a safeguards signal or 
high temperatures. The OPEN position blocks the air signal from the valve positioner and 
vents the operator causing the valve to open. The AUTO position allows the air signal from
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the valve positioner to go to the valve operator in the absence of the three actuation signals.  
Those signals are a safeguards actuation signal, high lube oil temperature, or high jacket water 
temperature. When one of the actuation signals is present, the SOV is de-energized to vent 
the valve operator and open the valve. The CLOSE position allows the signal from the valve 
positioner to go to the valve operator and position the valve as required.  

Valve position indicating lights are provided in the EDG valve room and on SBF-2 in the 
CCR. Red and white valve status lights, "Two is True", are provided on SBF-2 in the CCR.  
The service water leaving the flow control valves (FCVs) passes to the discharge tunnel via a 
line fitted with an auto vent (SWN-69). Either FCV-1176 or FCV-1176A can handle the flow 
requirements of the emergency diesel generators.  

Non-essential service water temperatures and pressures at the component cooling heat 
exchangers are monitored locally. Heat exchanger manual outlet isolation valves SWN-35-1/2 
are used to adjust service water flow: these valves are opened at an angle of 27 and 27.5 
degrees or less to provide system flow balancing.  

Testing and Maintenance.  

Testing. SWS surveillance requirements are: 

" Sei'vice water pumps 31 through 36 and their respective discharge check valves are tested 
each month to assure operability.  

" Back-up service water pumps and their respective discharge check valves are tested each 
qu ter to assure operability.  

* Containment fan cooler units manual isolation valves are exercised each quarter.  

" Service water manual isolation valves are exercised each quarter.  

" Local emergency operation of the service water pumps is demonstrated each refueling.  

Maintenance. System unavailability resulting from maintenance was quantified using 
data from the plant daily status reports (DSRs), shift supervisor (SS) log, and maintenance 
work requests (MWRs).  

Applicable Technical Specifications. The technical specifications require that: 

m Three service water pumps on the essential header and at least two service water pumps 
on the non-essential header be operable along with their associated piping and valves to 
operate the plant above the cold shutdown condition. If these conditions are not met 
within 12 hours the reactor must be brought to the cold shutdown condition.
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m Should the service water inlet temperature exceed 95'F, the reactor must be placed in hot 
shutdown within 7 hours and cold shutdown within 30 hours unless inlet temperature falls 
below 950F.  

m To maintain the reactor above 3 50'F, at least two service water inlet temperature 
monitoring instruments, either installed or portable, must be operable when the service 
water inlet temperature exceeds 90'F.  

m The essential and non-essential headers be isolated at all times when above cold 
shutdown, except that, for a period of 8 hours, the headers may be connected when 
switching essential header.  

Operator Interface. The operator interfaces with the SWS by selecting a group of 
essential pumps and performing the appropriate system lineup. Flow through the components 
served is manually modulated using local indication and valves. Should automatic actuation 
fail during a transient, the operator must manually start the essential and non-essential pumps.  

After a loss of offsite power or SI signal, the operator must manually restart the non-essential 
SW pumps.  

During the switchover to sump recirculation, the operator must close FCV- 1112 to ensure 
adequate flow to the CCW heat exchanger.  

Model Description. The SWS fault tree was constructed with a top event for each 
header. The fault tree models the causes of failures to deliver adequate flow to the service 
water headers. It addresses component-level basic failure events, unavailabilities due to 
testing and maintenance actions, and common-cause failure of the pumps.  

Modeling~ Assumptions and Characteristics.  

[1] Wh-ile one essential and one non-essential service water pump are assumed capable of 
providing adequate heat removal from supplied loads, even at anticipated peak river 
temperatures, pump runout concerns mandate two pumps operating on each header unless 
manual action is taken to isolate various loads.  

[2] In this study, it was assumed that service water flow through the 8-in. TCV- 1103 valve 
alone would be inadequate to control containment temperature and pressure during 
postulated scenarios in which the core is uncovered. Therefore this valve was not 
modeled.  

[3] Essential SW pumps 34 and 35 and non-essential SW pumps 31 and 32 were assumed to 
be operating prior to the initiating event.  

[4] The back-up pumps (36, 37 and 38) were not modeled.
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3.2.2.7 Low-Head Safety Injection (LHSI) System

Function. The function of the low-head safety injection (LHSI) system is to mitigate the 

consequences of LOCAs by injecting borated water from the refueling water storage tank 

(RWST) into the reactor vessel. In small LOCAs, the reactor coolant system (RCS) must be 

depressurized prior to using the LHSI system to inject borated water. In large and 
intermediate LOCAs, the LOCA itself will rapidly depressurize the RCS.  

Once the RWST is exhausted, the LHSI system is manually switched to its recirculation mode 

of operation. In this mode, long-term core cooling is provided by recirculation cooling via 

recirculation or RHR pumps. The operation of the LHSI system in its recirculation mode is 

described in Section 3.2.2.9.  

System Description. The LHSI system comprises two independent subsystems. Each 

subsystem consists of an RHR pump and heat exchanger, valves, piping, instrumentation and 

controls. Each RHR pump is capable of delivering 3000 gpm to the RCS through an RHR 
heat exchanger at a 150 psig discharge pressure. The RHR pumps draw water from the 

RWST and discharge it through the tube side of RHR heat exchangers 31 and 32. Discharge 
from the heat exchangers is directed to the four RCS cold legs through the accumulator 
connection lines.' 

A schematic of the LHSI system with valves in their normal position is shown in Figure 
3.2.2.9.  

Success Criterion. The success criterion for the LHSI system is that at least one RHR, 
pump Imust deliver borated water from the RWST into the reactor core through at least one,, 
RCS cold leg during various LOCAs.  

Operation. The system is in standby during normal plant operation. Each LHSI 

subsystem consists of an RHR pump (31/32), suction valve [AC-735A (pump 31) and 
AC-735B (pump 32)], discharge isolation valve [AC-739A (pump 31) and AC-739B (pump 
32)], and discharge check valve [AC-738A (pump 31) and AC-738B (pump 32)].  

The borated water required is contained in the RWST. The two pumps are fed from a 
common outlet header, associated with the RWST, through locked-open manual valve SI-846, 
normally de-energized open motor-operated valve SI-882 and check valve SI-881. The 
discharge from the pumps combines and flows through normally de-energized open valve 

AC-744 and check valve AC-741. The flow then splits into two separate lines: one path 
passes through locked-open manual valve AC-742, RHR heat exchanger 31, hand control 
valve SI-638, motor-operated valves SI-747 and SI-899B; the other path passes through 

motor-operated valves AC-745B and AC-745A, RHR heat exchanger 32, hand control valve 

SI-640, and motor-operated valves SI-746 and SI-899A. These two paths then feed the 
accumulator discharge lines to the four cold legs through check valves SI-838A/B/C/D and 
SI-897A/B/C/D.
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A minimum flow bypass line is provided on each pump discharge to recirculate flow through 
normally-open manual valve AC-839, check valve AC-837 and manual valve AC-841 (RHR 
pump 31) or manual valve AC-840, check valve AC-838 and manual valve AC-842 (RHR 
pump 32). Additional minimum flow paths are also available downstream of RHR heat 
exchangers 31 and 32, through normally-open motor-operated valves SI-1869B/A, AC-1870 
and AC-743. These minimum flow paths assure positive minimum flow should the main flow 
path be blocked or RCS pressure exceed the RHR pump shutoff head.  

Interfaces and Dependencies.  

Interfaces. The LHSI system shares the fluid inventory in the RWST with high head 
safety injection and containment spray systems.  

Dependencies. Motor-driven pumps 31 and 32 are powered from independent 
480-Vac buses 3A and 6A, respectively; control power for these pumps is supplied by 
125-Vdc power panels 33 and 32. Motor-,operated valves AC-743, AC-744, AC-745B, 
SI-1869A, SI-640, SI-746, and SI-747 are powered from 480-Vac MCC-36A. Motor-operated 
valves AC-745A, AC-1870, SI-1869B, SI-638, SI-882 and SI-899A/B are powered from 480
Vac MCC-36B.  

The safeguards actuation system (SAS) provides the safety injection signal to automatically 
start the RHR pumps. The SAS also provides numerous automatic actions via the eight 
recirculation switches during the manual switchover from the injection to recirculation mode 
of operation.  

Cooling water is supplied to the RHR pump seals and jacket coolers by the component 
cooling water (CCW) system. Because of the relatively low temperature of the coolant from 
the RWST and the short mission time, little actual cooling is performed by the component 
cooling water during the injection mode of operation. Therefore, component cooling water is 
not deemed critical to the RHR pumps in their LHSI mode of operation.  

Similarly, in the LHSI mode of operation, pump room cooling is not needed. However, pump 
room cooling is needed for other modes of operation.  

Instrumentation and Control. The safety injection signal automatically starts all RHR 
pumps. Manual actuation capability for the pumps is provided on central control room (CCR) 
panel SGF.  

The RHR pump control switches in the control room have four positions with spring return to 
AUTO: 

m PULL-OUT. The pump is disabled. With the switch in this position the "Safeguards 
Equipment Locked Open" alarm will be annunciated on panel SBF-1 in the CCR.
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" STOP. If running, pump will be stopped by energizing its circuit breaker trip coil.  

" AUTO. Pump will start on receipt of a safety injection signal 

" START. Pump will start.  

When a pump is running, it can be tripped by: 

" Placing the control switch in the STOP or PULL-OUT positions 

" Undervoltage on 480-V buses 3A/6A 

" Closing recirculation switch RS-3 (all pumps) 

" Tripping the magnetic overload device on overcurrent.  

The control switches for the motor-operated valves have three positions 

"CLOSE/AUTO/OPEN" with spring return to AUTO. Position-indicating lights are provided 

in the control room for each valve. Manual operation of motor-operated valves AC-744, 

AC-745A/B, SI-1869A/B, and SI-882 is possible from CCR panel SBF-1. Motor-operated 
valves SI-638, SI-640, SI-746, SI-747, and SI-899A/B can be operated from CCR panel SGF.  

Redundant level monitoring is provided for the RWST: level transmitter LT-920 provides for 

CCR indication on the panel SBF-1; level indicating controller LIC-921 provides local 
indication. These instruments are used to indicate that RWST water levels are within 
Technical Specification requirements. Both LT-920 and LIC-921 provide control room 

annunciation of RWST low-low level, thus allowing the operators to determine when 

switchover to the recirculation mode should be initiated following safety injection actuation.  

Testing and Maintenance.  

Testing. The LHSI system surveillance requires that each RHR pump be tested 
monthly for 15 to 30 minutes. The surveillance test entails: 

" Checking to ensure that manual valves AC-735A/B, AC-739A/B, AC-742, AC-839 and 
AC-840 are open.  

" Checking to ensure that motor-operated valves AC-743, AC-744, AC-745A/B, AC-1870, 
SI-746, SI-747, SI-1869A/B, SI-882 and SI-899A/B are open.  

* Checking to ensure that motor-operated valve SI-883 is closed.  

" Starting each pump and allowing it to run for 15 to 30 minutes. In these runs, vibration, 
temperature, pressure, and flow are measured and recorded on data sheets.
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m Verifying check valves AC-738B and AC-838 (pumps 31 in service) and AC-738A and 
AC-837 (pump 32 in service) are closed to prevent pump counter rotation.  

At reactor shutdown, when RCS pressure >400 psig but <1000 psig and the average RCS 
temperature <212 F, the low head safety injection check valves (SI-897A/B/C/D) and RHR 
check valves (SI-838A/B/C/D) are tested to verify their ability to open on demand and reseat 
correctly.  

The operability test of the RHR system motor-operated valves AC-745A/B, SI-1869A/B, 
SI-638, SI-640, SI-746, SI-747 and SI-899A/B is performed quarterly. In this test, the motor
operated valves are stroked to verify operability.  

The operability test of the RHR system minimum flow valves AC-743 and AC- 1870 is 
performed at cold shutdown.  

Check valve SI-881 downstream of the RWST is tested during cold shutdown to ensure it 
allows full flow as required by the RHR pumps.  

Maintenance. Corrective maintenance is carried out as required and subject to the 
limits imposed by the technical specifications. System unavailability resulting from 
maintenance was quantified using data from the plant daily status reports (DSRs), shift 
supervisor (SS) log, and maintenance work requests (MWRs).  

Applicable Technical Specifications. The reactor shall not be brought above cold 
shutdown unless: 

* The RWST contains a minimum of 346,870 gallons of water with a boron concentration 
between 2400 ppm and 2600 ppm.  

" The RWST low level alarms are operable and set to alarm when the volume of water in 
the tank falls to between 98,100 and 100,850 gallons.  

" Two RHR pumps and one heat exchanger and their associated valves and piping are 
operable.  

" Motor-operated valve SI-883 in the RHR return line to the RWST is closed and its power 
supply de-energized.  

Four exceptions are allowed: 

" One RHR pump may be out of service for a period of not more than 24 hours provided 
the remaining RHR pump is demonstrated to be operable.  

* One RHR heat exchanger may be out of service provided that it is restored to an operable
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status within 48 hours.

m Any valve required for operation of the system during and after accident conditions may 
be inoperable provided it is returned to service within 24 hours and all valves that 
duplicate the function of the inoperable valve are demonstrated to be operable.  

M One RWST low level alarm may be out of service for up to 7 days provided the other 
low level alarm is operable.  

Should these conditions not be met, the reactor (if critical) shall be placed in the hot 
shutdown condition within 4 hours and in the cold shutdown condition within the following 
24 hours.  

Operator Interface. Should automatic actuation fail, the operator can start the RHR 
pumps from panel SGF in the CCR.  

Model Description. The LHSI fault tree is constructed with top event "LHSI system 
unavailable to deliver sufficient borated water flow from RWST to RCS under emergency 
conditions." The model addresses component-level basic failure events, unavailabilities due to 
testing and maintenance actions, and common-cause failure of the pumps.  

Modeling AssumDtions and Characteristics.  

[1] The lack of water in the RWST was not modeled because it represents a violation of the 
Technical Specifications.  

[2] Heat tracing provided on the outdoor piping associated with the RWST was considered to 
be available prior to accident sequence initiation. Therefore, boron crystallization in the 
pipes was not modeled because of its low probability.  

[3] Component cooling water was not modeled for the LHSI mode of operation.  

[4] A failure to restore valves in the pump suction and discharge lines to their proper 
positions after pump tests and maintenance was included in the fault tree model.  

[5] Piping with diameters less than one-third that of the main flow path piping from which it 
branches was not considered to be a diversion path. Therefore, lines leading to the 
chemical and volume control system (CVCS), and sampling and relief valve flow lines 
were not treated as potential flow diversion paths.  

[6] The diversion of low-head injection flow through normally-closed containment sump 
isolation valves SI-885A/B or through the three normally-closed valves AC-730, AC-73 1, 
and AC-732 in the RHR shutdown cooling line was not modeled--the probability of these 
valves being opened was considered to be extremely low.
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3.2.2.8 Electric Power System

6.9-kV Electric Power System.  

Function. The 6.9-kVac electric power system provides normal and offsite power to 
the 480-Vac electric power system through four station service transformers. It also directly 
powers and controls the large non-safety-related motors that drive the reactor coolant, 
circulating water, condensate, heater drain, and condensate booster pumps. 480-Vac fire-safe 
shutdown power is also provided by two station service transformers through two 6.9-kV 
buses fed by the "Appendix R" diesel generator.  

System Description. The 6.9-kVac electric power distribution system consists of 
seven independent buses. 6.9-kV:480-V station service transformers 2, 3, 5, and 6 are fed by 
6.9-kV buses through circuit breakers SS2, SS3, SS5, and SS6, respectively. Under normal 
operating conditions, power to buses 1, 2, 3 and 4 is provided by the unit auxiliary 
transformer fed from the main generator through circuit breakers UTI, UT2, UT3, and UT4, 
respectively. Power to buses 5 and 6 is provided by the station auxiliary transformer through 
circuit breakers ST5 and ST6, respectively. The station auxiliary transformer is fed from 
either of the 138-kV Buchanan lines (95331 or 95332). Under shutdown conditions, 
following main turbine-generator trip, bus 5 provides power to buses 1 and 2 and bus 6 
provides power to buses 3 and 4.  

Alternatively, 6.9-kV buses 5 and 6 can be fed by 13.8-kV lines 13W92 or 13W93 through 
13.8:6.9-kV auto-transformers and circuit breakers GT-35 and GT-36. Should normal and 
offsite -power be lost as a result of fire, the "Appendix R" diesel generator can also feed 
6.9-kV buses 5 and 6 through circuit breakers GT-35 and GT-36. Under fire conditions, 
6.9-kV buses 1 and 3 would be energized to feed only 480-V loads via station service 
transformers 312 and 313. The condensate polisher bus 3NBY01, fed by the Buchanan 
switchyard 13.8-kV bus 3A through an auto-transformer, was not modeled because it has no 
safety-related loads. Circuit breakers and buses 1 to 6 are housed in two independent sets of 
switchgear in the turbine generator building: switchgear 31 incorporates circuit breakers for 
buses 1, 2, and 5; switchgear 32 incorporates circuit breakers for buses 3, 4, and 6.  

A simplified single-line diagram of the 6.9-kV electric power system is shown in Figure 
3.2.2.10.  

Success Criterion. Each 6.9-kV bus operates successfully if it can supply power at 
rated voltage to designed loads.  

Operation. After main turbine-generator trip, the generator primary and back-up lock
out relays will energize and cause unit auxiliary transformer feeder circuit breakers UT1 to 
UT4 to trip automatically. Bus tie circuit breakers UT1-ST5, UT2-ST5, UT3-ST6, and UT4
ST6 then close automatically, maintaining offsite power to 6.9-kV buses 1 to 4 and hence to 
480-V safeguard buses 2A and 3A. An electrical fault on the source or destination 6.9-kV
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bus or failure of the unit auxiliary transformer feeder breaker to trip will prevent the 
corresponding bus tie circuit breaker from closing automatically.  

Dependencies. The 125-Vdc electric power system provides power to operate and 
provide protective relaying and position indication for switchgear circuit breakers. 125-Vdc 
power panel 31 provides control power for circuit breakers in switchgear 31. 125-Vdc power 
panel 32 provides control power for circuit breakers in switchgear 32. 125-Vdc distribution 
panel 32 provides power for protective relays such as the synchro-check relays. Transformer 
cooling and auxiliaries are powered by the 480-Vac electric power system.  

The 138-kV pilot wire relays are powered from the 11 8-Vac instrument bus system.  

Instrumentation and Control. Current and potential transformers on each 6.9-kV bus 
operate protective relaying to trip circuit breakers under fault, undervoltage, or 
underfrequency conditions. Most relays are powered by the 125-Vdc electric power system; 
the others are powered from potential transformers on their buses.  

Controls for 6.9-kV circuit breakers are present in the central control room (CCR) on panel 
SHF as well as locally on the switchgear.  

Testing and Maintenance. 6.9-kV undervoltage and underfrequency relays are tested 
each month. During the test, one set of relays per bus is temporarily blocked while test 
switches are opened and CCR actuation lights are checked.  

Preventative maintenance on 6.9-kV buses and transformers is typically performed during 
plant outages. Undervoltage and underfrequency relays are also removed and recalibrated 
during outages.  

System unavailability resulting from maintenance was quantified using data from the plant 
daily status reports (DSRs), shift supervisor (SS) log, and maintenance work requests
(MWRs).  

ADlicable Technical Specifications. The reactor cannot be brought above the cold 
shutdown condition unless 6.9-kV buses 5 and 6 are energized from 138-kV lines 95331 or 
95332 through the station auxiliary transformer. In addition, 13.8-kV lines 13W92 or 13W93 
must be available to feed 6.9-kV buses 5 and 6 through the auto-transformers. When feeding 
buses 5 and 6 from the 13.8-kV lines, the bus tie breakers to buses 1 to 4 must remain tripped 
with control switches in the PULL-TO-LOCK position. If the reactor is critical and these 
conditions cannot be met, the reactor must be brought to the hot shutdown condition within 
six hours and in cold shutdown within the following thirty hours. If the reactor is subcritical, 
reactor coolant temperature and pressure cannot be increased by more than 25 deg. F and 
100 psi, respectively.
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Under all operating conditions including cold shutdown, 6.9-kV bus 5 or 6 must be available 

and fed from either 138-kV line, through the station auxiliary transformer, or either 13.8-kV 
line, through auto-transformers.  

Operator Interface. Operator action is not required to close bus tie circuit breakers 

UT1-ST5, UT2-ST5, UT3-ST6, and UT4-ST6 because they operate automatically. Bus tie 

and station service transformer circuit breakers can be manually controlled by standard three

position, pull-to-lock control switches in the CCR. All 6.9-kV circuit breakers can be 

manually tripped and closed at their switchgear. Depending on whether the breaker is of the 

stored energy or solenoid type, closure can be accomplished by either turning a crank to 

charge the spring and operating the mechanism release trigger, or by pushing down on a 
closing bar.  

Model Description. Each 6.9-kV bus was modeled separately with failure of the bus 
to provide power as the top event of the fault tree. Separate fault trees also model the failures 
of 6.9-kV feeder breakers SS2, SS3, SS5, and SS6 to provide power to station service 
transformers 2, 3, 5 and 6. These fault trees were transferred to the corresponding 480-Vac 
bus fault trees.  

Modeling Assumptions and Characteristics.  

[1] In modeling the failure of bus tie circuit breakers to close, failures to energize primary 
and back-up generator lock-out relays 86/P and 86/BU were modeled as relay failure 
basic events.  

[2] Because event tree sequences involve either an automatic or manually induced turbine
generator trip, the unit auxiliary transformer is considered initially de-energized with 
feeder circuit breakers UT1 to UT4 commanded to trip. The failure of bus tie circuit 
breakers UTl-ST5, UT2-ST5, UT3-ST6, and UT4-ST6 to close automatically includes the 
failure of the interlocking unit auxiliary transformer feeder circuit breakers to trip.  

[3] Station service transformer feeder circuit breakers SS2, SS3, SS5, and SS6 were assumed 
to be closed initially. The inadvertent tripping of these circuit breakers was modeled.  

[4] Failure of the 6.9-kV bus duct heaters was not modeled because the failure was assumed 
not to effect bus performance during the mission time of core damage accident sequences.  

[5] Gas turbine, "Appendix R" diesel generator, and 13.8-kV feeds to 6.9-kV buses 5 and 6 
were considered to be initially unavailable because feeder breakers GT-35 and GT-36 are 
maintained tripped with their control room switches in a PULL-TO-LOCK position.  
Closure of these circuit breakers was considered a possible recovery action.  

[6] The failure of station service transformer feeder circuit breakers SS2 through SS6 to trip 
during a loss of offsite power was modeled as part of failure to close emergency diesel
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generator output breakers in the EDG fault trees.

[7] The failure to restore 6.9-kV undervoltage and underfrequency relays after test was not 
included in the model. The tested relays are used in the trip circuits of reactor coolant, 
condensate, and circulating water pumps on bus undervoltage or underfrequency. A 
failure to restore these relays would result in a reactor trip due to reactor coolant pump 
trip. Such events would be treated as initiating events.  

[8] The unavailability of buses 5 and 6 because of corrective maintenance was included as a 
basic event. Unavailability of buses 1 through 4 would result in a reactor trip.  

480-Vac Electric Power System.  

Function. The 480-Vac electric power system provides power to most safety and non
safety related loads in the plant.  

System Description. The 480-Vac electric power distribution system is the lower
voltage plant electrical power distribution system. It consists of six buses. Four main buses 
provide power under normal and accident conditions--larger motors are powered and 
controlled by 480-V switchgear circuit breakers; smaller motors, lighting, and other ac loads 
are powered and controlled by 480-V MCCs fed from the switchgear buses. The other two 
480-V buses provide power to shutdown loads should the main buses be unavailable in fires.  
The four main buses, their circuit breakers, and station service transformers are located in two 
sets of 480-V switchgear in the control building at the 15-ft elevation. Switchgear 31 
contains 480-V buses 2A and 5A and switchgear 32 contains 480-V buses 3A and 6A. Power 
to the main 480-V ac buses is provided by the 6.9-kV electric power system through station 
service transformers under normal and shutdown conditions or by emergency diesel generators 
during a loss of offsite power.  

Following a loss of offsite power, buses 2A, 5A, and 6A are each fed by an emergency diesel 
generator and bus 3A is fed from bus 2A through the automatically-closing transfer breaker 
2AT3A. Power to fire-safe shutdown buses 312 and 313 is provided by the "Appendix R" 
diesel generator via 6.9-kV buses 1 and 3 and station service transformers 312 and 313.  

Two sets of dual relays and control circuits provide protective tripping of station service 
transformer isolation breakers. One set operates on undervoltage, the other on degraded 
voltage.  

A simplified single-line diagram of the 6.9-kV and 480-V electric power systems is shown on 
Figure 3.2.2.11. A typical 480-V switchgear control circuit is shown on Figure 3.2.2.12.  
Typical MCC control circuits for pumps, fans, and motor-operated valves are shown in 
Figures 3.2.2.13 and 3.2.2.14, respectively.
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Success Criteria. A 480-V bus or MCC is considered successful if it can supply 

power at rated voltage to design loads.  

Operation. During normal operation and shutdown with offsite power available, the 

circuit breakers isolating the 6.9-kV buses from the station service transformers are closed.  

An electrical fault or under- or degraded-voltage on a 480-V bus or its 6.9-kV feeder will 

cause its station service transformer isolation breakers to trip. The corresponding independent 

emergency diesel generator will automatically start and provide power to its 480-V bus. Loss 

of voltage on bus 3A will cause bus 2A tie circuit breaker 2AT3A to automatically close.  

The other 480-V bus tie breakers will remain tripped. Most MCC loads are automatically 

shed by tripping the supply breakers if a bus is being fed by emergency diesel generators or 

when a safety injection (SI) signal is present.  

Dependencies. The 125-Vdc electric power system provides power for protective 

relaying and position indication for switchgear circuit breakers: 125-Vdc power panel 33 

provides power for buses 2A and 3A; 125-Vdc power panel 31 provides power for bus 5A; 

125-Vdc power panel 32 provides power to bus 6A. Transforme 'cooling and auxiliaries are 

powered by the 480-V MCCs. Safeguard actuation system safety injection signal relays 

interlock with breaker controls to trip most MCC supply breakers. Under- and degraded

voltage relays are powered from potential transformers on their buses.  

Instrumentation and Control. Current and potential transformers on each 480-V bus 

operate protective relaying to trip circuit breakers under fault, undervoltage, or 

underfrequency conditions.  

Controls for normal (non-fire) safe shutdown 480-V circuit breakers are present in the central 

control room (CCR) on panel SHF. All circuit breakers can also be operated locally at the 

switchgear. Most CCR controls for MCC driven pumps and fans consist of two-position 

maintained contact switches. Three-position, spring return to center, switches are generally 

used for motor-operated valves and switchgear circuit breakers. Red and green indicating 

lights show item status on most switch modules. A red light indicates a closed circuit 

breaker, opening valve or running motor. A green light indicates a tripped circuit breaker, 

shut valve, or stopped motor. For motor-operated valves in mid-stroke, both lights will be lit 

simultaneously.  

Testing and Maintenance. Each month, under- and degraded-voltage relays for the 

buses are tested. During the test, each control circuit within a set is temporarily disabled by a 

key-lock switch and relays are manually actuated to simulate under- and degraded-voltage 

conditions. Amber test indicating lights are checked for proper control circuit operation.  

After the test, all components are returned to their normal positions and actuated CCR 

annunciators are reset.  

Preventative maintenance inspections are performed on individual motor control center 

components such as contactors, transformers and circuit breakers. Repair or replacement of
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worn or damaged components is carried out when needed.  

System unavailability resulting from maintenance was quantified using data from the plant 
daily status reports (DSRs), shift supervisor (SS) log, and maintenance work requests 
(MWRs).  

Applicable Technical Specifications. The reactor cannot be brought above a cold 
shutdown condition unless 480-V buses 2A, 3A, 5A, and 6A are available. All bus tie circuit 
breakers must be in the tripped position. If the reactor is critical and these conditions cannot 
be met, the reactor must be brought to the hot shutdown condition within 6 hours and be in 
cold shutdown Within the following 30 hours. If the reactor is subcritical, the current reactor 
coolant temperature and pressure cannot be increased by more than 25 deg. F and 100 psig, 
respectively. Under all conditions including cold shutdown, at least two out of the four 
480-V buses must be available.  

Operator Interface. With the exception of fire-safe shutdown buses 312 and 313, the 
480-Vac electric power system is always energized. Station service transformer isolation 
breakers and bus tie breaker 2AT5A are automatically controlled and do not require operator 
action. Normally tripped bus tie circuit breakers 3AT6A and 2AT5A are manually controlled 
by switches in the CCR. Fire-safe shutdown circuit breakers are controlled locally.  

Operator action is required to reclose MCC feeder breakers to re-establish power to loads that 
were shed after SI actuation or emergency diesel generator start.  

Fault Tree Model. Each 480-V bus was modeled separately with failure of the bus to 
provide power as the top event. The fault trees include transfers from a 6.9-kV electric power 
system fault tree. Separate fault trees model the failures of relevant 480-V MCCs with 
transfers from a 480-V bus fault tree.  

Modeling Assumptions.  

[1] Since station service transformer isolation circuit breakers 2A, 3A, 5A, and 6A are 
assumed to be in the closed position, only trip circuit failures were modeled.  

[2] For station service transformer isolation breaker trip circuits, failures in the control circuit 
for time-delay relays 62-2 (loss of offsite power following safety injection) were not 
modeled. A control circuit fault would require the highly improbable failure of two 
undervoltage relays and a safeguard actuation (safety injection) relay.  

[3] Bus tie circuit breakers 2AT5A and 3AT6A were not included in the 480-Vac models 
since they are tripped during all event tree sequences. However because these circuit 
breakers interlock with emergency diesel generator output circuit breakers, failures of 
their auxiliary switch were included on the diesel generator fault trees. Bus tie breaker 
2AT3A was modeled for loss of offsite power sequences.
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[4] Faults of individual switchgear circuit breaker and MCC controls for system loads were 

modeled on individual system fault trees.  

[5] The failure to restore under- and degraded-voltage relays after test was modelled as a 

single basic event for each 480-V bus even though it involves multiple operator failures.  

This basic event will result in a failure to close each diesel generator output circuit 

breaker (or bus tie breaker for 2AT3A) during a loss of offsite power.  

[6] The unavailability of individual MCC compartments due to maintenance was included in 

the total maintenance unavailability of the individual component which is fed from that 

MCC compartment.  

125-Vdc Electric Power System.  

Function. The 125-Vdc electric power system provides an uninterruptible source of 

power to operate switchgear controls, safeguard actuation logic, instrumentation systems, and 

other plant auxiliary systems that require dc power.  

System Description. The system consists of four independent 125-Vdc power panels, 

each fed by a station battery and battery charger. Station batteries 31 and 32 are 58-cell, 

2550 amp-hour batteries; station battery 33 is a 60-cell, 425 amp-hour battery; station battery 

34 is a 60 cell, 440 amp-hour battery. Battery chargers 31 and 32 each supply 400 amps, 

charger 33 supplies 200 amps, and charger 34 supplies 150 amps. Charger output voltages 

range from 128-Vdc to 134.5-Vdc. Should a single battery charger fail, 400-amp capacity 

spare battery charger 35 is available to charge any of the four station batteries through plug 

and socket connectors. Three of the 125-Vdc power panels feed distribution panels which, in 

turn, provide power to dc loads. The 125-Vdc power system is the primary source of power 

to the 118-Vac instrument buses through static inverters. Power panels 31 to 32 and 33 to 34 

are cross-tied through normally-open circuit breakers to allow for battery and charger 

maintenance. Since dc buses are bipolar and above ground, a single ground fault on a 

conductor will not cause a catastrophic loss of the entire bus.  

The 125-Vdc power panels, station batteries, and battery chargers are located in the control 

building.  

A simplified single-line diagram of the 125-Vdc electric power system is shown in Figure 

3.2.2.15.  

Success Criteria. 125-Vdc system power or distribution panel buses are considered 

successful if they can supply power at rated voltage to design loads.
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Operation. Battery chargers are initially placed in the "equalize" mode to charge their 
respective batteries. After the batteries are charged, the chargers are then placed in the "float" 
mode which allows them to supply dc loads directly and maintain a charge on their batteries.  
Should ac power to the chargers be lost, the batteries become the sole source of supply-of 
125-Vdc power to the power and distribution panels. Each 125-Vdc power and distribution 
panel contains two-pole circuit breakers and fuses to the various dc loads.  

Dependencies. The 480-Vac electric power system provides power to battery chargers 
from the MCCs. Battery chargers 31 and 35 are powered from MCC-39; battery charger 32 
is powered from MCC-37; battery charger 33 is powered from MCC-36C; battery charger 34 
is powered from MCC-32.  

Room cooling for battery chargers is provided by the control building ventilation system.  

Instrumentation and Control. Ground detection circuits are installed in each battery 
charger to alarm on fault to ground on either conductor. Battery chargers 31, 32 and 35 
utilize two lights to indicate grounds on either positive or negative conductors. Battery 
chargers 33 and 34 use one light for grounds on either conductor. Although a single 
conductor ground is not catastrophic to the entire dc system, it is still a degraded condition 
which requires immediate attention. Loads in the vicinity of the ground fault will experience 
lower voltage and possibly become inoperable.  

Controls for battery chargers and associated input and output circuit breakers are mounted on 
each charger in the control building. Typical individual two-pole circuit breakers in power 
and distribution panels are normally closed but will trip on overcurrent. Circuit breaker reset 
is manual and is done locally at its panel.  

Testina and Maintenance. Regardless of plant status, the following weekly, monthly, 
and quarterly tests are made. These tests do not make the batteries unavailable.  

m Every week, batteries and chargers are inspected. The condition of all battery 
connections, electrolyte levels and float charge voltages are measured and recorded.  

m Every month, battery cell electrolyte specific gravity, individual cell and entire battery 
voltages are read. During the test, battery room temperature is verified to be within the 
range of 65*1F to 80'F.  

* Every quarter, detailed readings are made of each station battery cell voltage, electrolyte 
level, temperature, and specific gravity., Battery post-charge data are taken provided the 
equalizing charge is removed from the battery at least one week prior to the test. Battery 
room ventilation fans are also inspected.
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During refueling outages, each battery undergoes a load test in which it is isolated from its 
battery charger and tied to another power panel and discharged until a final terminal voltage 
is reached. Readings of electrolyte level, specific gravity, and cell voltages are then taken.  

System unavailability resulting from maintenance was quantified using data from the plant 
daily status reports (DSRs), shift supervisor (SS) log, and maintenance work requests 
(MWRs).  

Applicable Technical Specifications. The reactor cannot be brought above a cold 
shutdown condition unless three station batteries, three chargers, and their dc distribution 
systems are all operable. One battery may be inoperable for two hours provided the other 
batteries and three of the remaining battery chargers remain operable, with one battery charger 
carrying the dc load of the failed battery supply system. If the reactor is critical and these 
conditions cannot be met, the reactor must be in the hot shutdown within 6 hours and be in 
cold shutdown within 36 hours. If the reactor is subcritical, the reactor coolant temperature 
and pressure cannot be increased by more than 25 deg. F and 100 psi, respectively, above 
current values.  

Operator Interface. The 1 25-Vdc electric power system is always energized.  
Switchover of each station battery to supply dc loads in the event of charger failure is 
automatic and therefore does not require operator action. Should a total loss of a dc 
distribution system occur, operators may be required to operate circuit breakers.  

Fault Tree Model. Each 125-Vdc power panel bus was modeled separately with 
failure bf the bus to provide power as the top event. The fault trees include transfers from 
the 480'-Vac electric power system fault trees. Separate fault trees model the failures of 125
Vdc distribution panels with transfers from a 1 25-Vdc power panel fault tree.  

Modeling Assumptions.  

[1] Failure of battery room ventilation was not included in the model. Battery voltage 
degradation, resulting from a battery room temperature rise, would be insufficient to 
cause failure of dc loads during the mission time of interest. While battery room 
ventilation would be required to remove hydrogen gas build-up should the batteries be 
fully charged following a heavy discharge, hydrogen accumulation to its 4-percent lower 
flammable limit would not occur during the mission time of any of the initiating events 
modeled.  

[2] Because of the degrading nature of ground faults, a panel fault basic event is included for 
each power or distribution panel.  

[3] Operator failure to switch battery chargers from equalizing to float charge mode was not 
included in the model since dc voltage is routinely monitored in the CCR.
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[4] The closure of manually-operated, padlocked-open dc power panel cross-tie circuit 
breakers was not considered in the pre-accident analysis.  

[5] Failure of the battery chargers was included in the model. However, because their repair 
time exceeds battery depletion times, their repair was not considered in the quantification.  

Emergency Diesel Generator Electric Power System.  

Function. The emergency diesel generator electric power system provides 480-Vac 
power to safeguard loads in the event of a loss of offsite power. This system is distinct from 
the stand-alone IOCFR50 "Appendix R" diesel generator which provides power in the event of 
fire.  

System Description. The emergency diesel generator power system comprises three 
independent Alco 16 cylinder diesel generators, each providing a maximum of 1750-kW of 
continuous power (with a two hour maximum of 1950-kW) to their associated buses. Diesel 
generator 31 provides power to 480-Vac bus 2A, diesel 32 provides power to bus 6A, and 
diesel 33 provides power to bus 5A. The plant can safely shut down with power from two 
emergency diesel generators.  

Each diesel engine has its own air start system consisting of an air receiver, a 480-Vac 
powered air compressor, and two redundant air start solenoids and motors. Air pressure in 
each receiver is maintained at between 275 and 300 psig. Although each receiver has enough 
capacity for four engine starts, the system will lock-out after an unsuccessful start attempt and 
require manual action to reset. Each engine also has its own jacket water cooling system 
rejecting heat to the plant service water system.  

Fuel oil is fed to each engine from its own 175-gallon day tank. Fuel to injectors during 
starting is provided by a gravity feed path from the day tank. The day tanks contain 
sufficient fuel for less than two hours and thus continued operation requires fuel make-up 
which is provided from buried ' 7700-gallon fuel oil storage tanks using transfer pumps.  
Additional emergency supplies of fuel oil are available both on- and off-site.  

Simplified schematic diagrams of the emergency diesel generator electric power system and 
diesel generator fuel oil transfer are shown in Figures 3.2.2.16 and 3.2.2.17, respectively.  

Success Criteria. The success criterion for each emergency diesel generator is that it 
can supply sufficient power to its 480-Vac safeguards bus to power designed loads from that 
bus under all conditions following a loss of offsite power.  

Operation. Upon receipt of a safety injection signal or a signal indicating an 
undervoltage on its safeguards bus, air start solenoids on each diesel generator will energize 
for about 15 seconds. If the engine starts, the cooling jacket water pressure will increase.  
Should the engine stall, however, and the engine jacket cooling water pressure not increase
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during the 15-second period, the diesel generator lock-out relay will energize dropping out the 
air start solenoids. This lock-out relay must be manually reset. After engine start, bus loading 
will commence within ten seconds and all safeguards equipment will be loaded within thirty 
seconds. The presence of generator output voltage, proper diesel generator operation, 
480-Vac bus undervoltage, and 480-V bus tie and 6.9-kV supply breakers trip are required for 
automatic closure of the diesel generator output breaker. The conditions that will cause the 
diesel generator lock-out relay to energize and shut down the engine and trip the generator 
output breaker include low lube oil pressure (as indicated by two of three pressure switches), 

.engine overspeed, overcranking, and, for non-safety injection signal starts, the occurrence of 
generator reverse power or overcurrent.  

During operation, when the level of fuel in a day tank drops to the make-up setpoint, the 
corresponding fuel oil transfer pump will automatically start: fuel oil transfer pump 31 will, 
start on a low fuel oil level in day tank 31, etc. Each day tank is fed from "normal" and 
"emergency" fuel oil transfer lines. Fuel oil transfer pumps 32 and 33 are normally aligned to 
the "emergency" line. Fuel oil transfer pump 31 is normally aligned to feed the "normal" 
line. The fuel oil transfer pumps can be aligned to feed an alternate line, however, through 
manually-operated valves. Each diesel generator day tank has two solenoid-operated electro
hydraulic level control valves, each connected to one of the two lines. Upon receipt of a day 
tank low level signal, both "emergency" and "normal" feed level control valves will open 
allowing the flow of oil from either line.  

Interfaces and Dependencies.  

Interfaces. The emergency diesel generator system interfaces with the 480-Vac 
electric power system.  

Dependencies. The 125-Vdc electric power system provides power to operate 
the output circuit breaker and controls. EDG 31 engine and circuit breaker control power is 
provided by 125-Vdc power panel 33. EDG 32 engine control power is from dc distribution 
panel 32; circuit breaker control power is from dc power panel 32. EDG 33 engine control 
power is from dc distribution panel 31; circuit breaker control is from dc power panel 31.  
Power to auxiliaries such as air compressors, fuel oil transfer pumps, heaters comes from the 
480-Vac electric power system at the MCC level. Engine jacket cooling is provided by plant 
service water from the essential header. Start signals for the diesel generators come from 
either undervoltage relays on the 480-Vac electric power system or safety injection relays on 
the safeguard actuation system. The diesel generator ventilation system provides diesel 
generator room cooling. Safety injection signal relays from the safeguard actuation system 
can automatically start each EDG.  

Instrumentation and Control. Engine and generator instrumentation is located at 
local control panels in the diesel generator building. In addition, diesel generator output 
circuit breaker controls are located on panel SHF in the central control room (CCR).
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Testing and Maintenance. Each emergency diesel generator is tested at least once a 
month. In the test, each diesel generator is manually started and loaded on to its 480-V bus 
in parallel with the unit auxiliary transformer for approximately one hour. During the test, 
checks of lube oil, jacket water temperature, service water pressure, exhaust color and output 
power are made. During refueling outages, a safety injection/station blackout test is made 
where the diesel generators are automatically started and must reach and maintain rated 
voltage and speed within technical specification limits for at least two hours. All emergency 
diesel generator starts, whether successful. or not, are recorded according to PFM-57, 
"Emergency Diesel Generator Reliability Program 1 

Each diesel generator is inspected both quarterly and annually. During these maintenance 
inspections, internal engine components, filters, air start components, and generator brushes 
are checked or replaced. Diesel generators are overhauled every twelve years. Starting air 
compressors are typically changed and rebuilt after 48 months of service during annual 
inspections.  

System unavailability resulting from maintenance was quantified using data from the plant 
daily status reports (DSRs), shift supervisor (SS) log, and maintenance work requests 
(MWRs).  

Applicable Technical Specifications. The reactor cannot be brought above the cold 
shutdown condition unless the three emergency diesel generators are operable with a 
minimum of 5676 gallons of fuel oil available in each of the three underground fuel oil 
storage tanks. There must also be an additional reserve of 26,300 gallons of fuel oil available 
for 1P3 usage on-site or at the Buchanan substation. One diesel (or its associated fuel oil 
system) may be inoperable for up to 72 hours providing that the remaining two emergency 
diesels are started and tested daily to ensure engineered safeguards operability. In addition, 
both 138-ky and 13.8-kY sources of offsite power must be available. If conditions can not 
be met and the reactor is critical, a hot shutdown condition mustbe reached in 6 hours and 
cold shutdown within the following 30 hours. If conditions can not be met and the reactor is 
subcritical, reactor coolant temperature cannot be increased by 25 deg. F and pressure by 
100 psi over existing values.  

Operator Interface. Operator action is not required because the diesel generators are 
started, and the buses loaded, automatically. Controls for diesel generators are located at their 
local control panels. In the CCR, there are alarms but no manual start/stop controls for diesel 
generators.  

Fault Tree Model. Independent fault trees were prepared for each EDG. These fault 
trees have a top event of "No power from the EDG." The fault trees address component-level 
basic failure events, unavailabilities due to testing and maintenance actions, and common
cause failure of the emergency diesel generators.
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Modelinz AssumDtions.

[1] On the diesel generator lock-out circuit, failures of low oil pressure shutdown relays were 
not modeled since shutdown requires the highly improbable faihire of two of three oil 
pressure switch contacts.  

[2] Air compressor failures were not modeled because sufficient air volume and pressure is 
available in each air receiver for four engine start attempts while the air-start system 
locks out after one failed engine start attempt and then require manual reset action.  
Failure of the air receiver was modeled, however.  

[3] Failures in the Basler voltage regulator and engine governor were included in the basic 
event for "diesel generator fails to run." Operator failure to restore the voltage rheostat 
after test was modeled as part of a failure to close the output circuit breaker. The 
position of the unit/parallel selector switch on the diesel generator local panel would not 
affect the capability of the diesel generator to start and load on to the buses but, may 
have an effect on governor operation and speed droop.  

[4] In modeling engine shutdown relay SDR, it was assumed that the permissive engine oil 
pressure switch contacts are closed since the engine must operate prior to shutdown.  

[5] The use of the alternative line to transfer fuel oil to a day tank after failure of the level 
control valve in the normal path was ignored--the alignment of valves to allow fuel oil 
flow from the alternative line is a manual operation.  

[6] The possible misalignment of service water valves SWN-29 and SWN-30 was modeled in 
the service water system fault trees. This error would not be detected in routine monthly 
tests of the emergency diesel generators and would result in a total loss of engine jacket 
cooling in accident -situations.  

118-Vac Electric Power System.  

Function. The 11 8-Vac electric power system provides an uninterruptible source of 
power to the reactor protection system, safeguards equipment, transmitters, instrument 
controllers, and other plant auxiliary systems that require low voltage ac power.  

System Description. The 118-Vac electric power system consists of eight instrument 
buses and associated load circuit breakers housed in eight individual distribution cabinets in 
the central control room (CCR). A pair of buses is normally fed by a static inverter that takes 
an input from a 125-Vdc power panel and converts it to a single-phase output of 118-Vac. In 
addition, each instrument bus can also be fed from a back-up 480-Vac MCC through a 
480:118-V transformer. Each inverter has an external, manually-operated maintenance bypass 
switch that can bypass the inverter and allow the back-up MCC and transformer to directly 
feed the instrument buses. Inverter 31 feeds instrument buses 31 and 31A; inverter 32 feeds
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buses 32 and 32A; inverter 33 feeds buses 33 and 33A; inverter 34 feeds buses 34 and 34A.  

Inverters 31, 32, and 33 each contain an additional internal static transfer switch that can 
automatically bypass the dc-fed inverter section with ac output from the back-up MCC and 
transformer to maintain power to the buses should the inverter section fail. Instead of an 
internal static transfer switch, inverter 34 and its associated instrument buses 34 and 34A have 
an alternate set of circuit breakers that are interlocked with the normal inverter output 
breakers. If these circuit breakers should trip, alternate circuit breakers can be closed 
allowing another MCC and transformer to supply the buses. Inverters 31, 32, and 33 are each 
rated at 25-kVA; inverter 34 is rated at 7.5-kVA.  

Simplified single-line diagrams of the 118-Vac electric power system are shown on Figures 
3.2.2.18 to 3.2.2.20.  

Success Criteria. Each 118-Vac system bus is considered successful if it can supply 
power at rated voltage to designed loads.  

Operation. Before placing an inverter in service, its filtering capacitors are pre
charged to at least 100 V to eliminate electrical transients upon closure of the output circuit 
breakers. At that time, the internal static switches for inverters 31, 32, and 33 are in the 
"reverse transfer" mode that allows the alternate MCC and transformerto supply power 
directly to their respective buses. If the non-synchronized warning light at the inverter panel 
is not lit, the operator will then press the "forward transfer" button which will operate the 
static transfer switch to direct power from the dc-fed inverter. For inverter 34 (which has no 
static automatic transfer switch), the operator trips MCC feeder and closes the inverter output 
circuit breakers manually. Under normal operating conditions, all inverters are in service in 
the "forward transfer" mode with each 118-V bus supplied by inverted 125-Vdc with 
maintenance bypass switches on each inverter circuit in the "normal" position. Circuit 
breakers in the maintenance path are kept in the closed position. For inverters 31, 32, and 33, 
in the event of inverter section failure or a drop in dc input voltage below 105-V, the internal 
static automatic transfer switch will swap power feed to the back-up MCC and transformer.  

Dependencies. Power to all inverters is provided by the 125-Vdc electric power 
system; power panel 31 supplies inverter 31; power panel 32 supplies inverter 32; power 
panel 33 supplies inverter 33; power panel 34 supplies inverter 34. Alternate power is 
provided by 480-Vac system MCCs through individual transformers for voltage step-down and 
regulation purposes. Inverter 31 is fed by MCC-34; inverter 32 is fed by MCC-33; inverter 
33 is fed by MCC-39; inverter 34 is fed by MCC-36B. The second back-up supply to 
instrument bus 34 is from MCC-36C.  

The inverters and their associated maintenance bypass switches are located in the control 
building at the 33 ft elevation. Inverter cabinets contain cooling fans that reject heat into the 
room which is ultimately cooled by the control building ventilation system. All 118-Vac 
instrument bus load circuit breakers are located in cabinets in the CCR.
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Instrumentation and Control. Inverters 31, 32, and 33 have trouble lights and 
alarms on each cabinet to indicate abnormal conditions such as reverse polarity, blown fuses, 
high cabinet temperature, failure of cabinet cooling fans, ac-dc over/under voltage, inability to 
synchronize with alternate ac source, and internal circuit breaker status. Inverters 31, 32, and 
33 each have an annunciator window on CCR panel SGF that alarms when their transfer 
switches are in the "reverse" transfer mode.  

Testing and Maintenance. There is no scheduled surveillance testing for inverters.  
As part of the battery load test performed during refueling outages, inverters are inspected and 
air filters are replaced. Corrective maintenance on an inverter is performed if automatic 
transfer to its alternative power supply has occurred.  

System unavailability resulting from maintenance was quantified using data from the plant 
daily status reports (DSRs), shift supervisor (SS) log, and maintenance work requests 
(MWRs).  

Applicable Technical Specifications. The reactor cannot be brought above a cold 
shutdown condition if more than one 11 8-Vac instrument bus is using its back-up supply. If 
the reactor is critical and this condition cannot be met, the reactor must be brought to the hot 
shutdown condition within 6 hours and be in cold shutdown within the following 36 hours.  

Operator Interface. The 118-Vac electric power system is static and always 
energized and does not require operator action during normal operation. Static transfer of 
inverters 31, 32, and 33 to the back-up MCC supply is automatic. Operator action is required 
to reset certain component loads on the 118-Vac buses such as containment spray system 
bistable relays in the event of "reverse" transfer.  

Fault Tree Model. Each 118-Vac bus was modeled separately with failure of the bus 
to provide power as the top event.  

Modeling Assumptions.  

[1] Failures of individual inverter output fuses, internal circuit breakers, and the automatic 
static transfer switch were included in the failure of inverter event. Failures of external 
circuit breakers, fuses and the maintenance bypass switch were modeled as individual 
events.  

[2] Maintenance unavailability due to corrective maintenance was modeled.
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Offsite Electric Power System.

Function. The offsite electric power system provides power to the plant auxiliaries 
through 6.9-kV buses 5 and 6.  

System Description. Offsite power comes from the Con Edison system. The offsite 
electrical power system comprises electric power feeds to 6.9-kV buses 5 and 6 via the station 
auxiliary transformer or the 13.8-kV system. Except for motor-operated disconnect switch 
BK-5 and 138-kV circuit breaker BT5-6, the circuit breakers and motor-operated disconnect 
switches in the offsite power system are controlled by Con Edison's district operator or by 
plant operators at Indian Point Nuclear Power Plants, Units 1 and 2.  

The station auxiliary transformer is fed from 138-kV lines 95331 and 95332 through motor
operated disconnect switch BK-5. Both 138-kV lines are ultimately fed by the Buchanan 
substation 345-kV north ring bus, the 138-kV Millwood West transmission lines, Indian Point 
Unit 2, and the Peekskill refuse burning plant. 6.9-kV buses 5 and 6 can also be fed by 
13.8-kV lines 13W92 or 13W93 through the gas turbine bus auto-transformers.  

Simplified single-line diagrams of the offsite electric power system are shown in Figures 
3.2.2.21 and 3.2.2.22.  

Success Criteria. The offsite power system is considered successful if it can supply 
power at the rated voltage to all plant loads required for shutdown and accident conditions.  

V:'Operation. Under normal conditions, power is fed from the 138-kV lines to the 

statiori' auxiliary transformer. Should a fault be sensed by pilot wire or operation of 
differential, primary, or back-up lock-out relays, motor-operated disconnect switches and 
circuit breakers will open. Circuit breaker BT5-6 can reclose if the fault clears. The 
disconnect switches isolate the plant should the fault fail to clear.  

Dependencies. Motor-operated disconnect switch BK-5 and circuit breaker BT5-6 are 
controlled in the central control room (CCR) with power from 125-V dc power panels 31 or 
32. The differential lock-out and pilot wire relays are powered from 118-Vac instrument 
buses 32 and 33. Other circuit breakers and disconnect switches are powered from the Con 
Edison 125-Vdc system.  

Instrumentation and Control. Pilot wire, differential, and primary/back-up lock-out 
relays are located in the CCR and at the Buchanan substation.  

Testing and Maintenance. Maintenance of circuit breakers and disconnect switches is 
performed during outages. The sulfur hexafluoride 138-kV circuit breaker BT5-6 is inspected 
during outages--the breaker is removed and disassembled and its components inspected. The 
reassembled and reinstalled breaker is then operated.
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System unavailability resulting from maintenance was quantified using data from the plant 
daily status reports (DSRs), shift supervisor (SS) log, and maintenance work requests 
(MWRs).  

Applicable Technical Specifications. The reactor cannot be brought above the cold 
shutdown condition unless two physically independent transmission circuits to the Buchanan 
substation are available, with enough capacity to supply engineered safeguards loads.  
Specifically, a 138-kV feeder (95331 or 95332) and a 13.8-kV feeder (13W92 or 13W93) 

must be available. Both 138-kV or 13.8-kV power sources can be inoperable for 48 hours 

provided the three emergency diesel generators are operable. This mode of operation may be 

extended beyond 48 hours if the failure is reported to the NRC within the 48-hour period, 
with an outline of the plans for restoration of offsite power, and NRC approval is granted.  
When feeding 6.9-kV buses 5 and 6 on 13.8-kV power, CCR switches controlling 6.9-kV 

circuit breakers UT1-ST5, UT2-ST5, UT3-ST6, and UT4-ST6 must be placed in the pull-to
lock position. This will prevent automatic transfer to 6.9-kV buses 1 through 4 on main 
generator trip.  

If the above conditions cannot be met and the reactor is critical, it shall be in hot shutdown 
within six hours and in cold shutdown within the following 30 hours. If the conditions cannot 
be met and the reactor is subcritical, reactor coolant temperature and pressure cannot be 
increased by more than 25 deg. F and 100 psi, respectively.  

Operator Interface. IP3 operator action is not required for normal operation of the 
offsite power system. Operations of equipment other than disconnect switch BK-5 and circuit 
breaker BT5-6 are performed remotely by Con Edison personnel.  

Fault Tree Model. The loss of offsite power is modeled using a fault tree with 
failure of power to the station auxiliary transformer as the top event. This fault tree 
contributes to the 6.9-kV electric power system fault trees.  

Modeling Assumptions.  

[1] In modeling the inadvertent opening of motor-operated disconnect switch BK-5, the 

failure of its CCR Flight Panel control switch was not included--interlocks prevent control 
switch failure inadvertently opening the disconnect switch when voltage is present at the 
disconnect switch. Control circuit faults that result in the inadvertent opening of the 
disconnect switch were modeled, however.  

[2] Failures in the pilot wire and differential lock-out relays were included in the 6.9-kV 
electric power system fault tree model.
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3.2.2.9 Recirculation System

Function. The recirculation system provides long-term core cooling and containment spray 
in response to transients and LOCAs. The system recirculates sump water into the reactor 
core and containment spray nozzles after cooling it in the RHR heat exchangers.  

The recirculation system operates after manual switchover from the injection phase of 
operation when the water level in the refueling water storage tank (RWST) falls to the low 
level (9.2 ft) alarm set point. The recirculation system can operate in various modes with 
different systems and components running in each. Core cooling is achieved in 6 modes of 
operation: 

" Low-head internal recirculation (LHIR) - the recirculation pumps draw water from the 
recirculation sump and discharge it through the RCS cold legs.  

" Low-head external recirculation (LHER) - the residual heat removal (RHR) pumps draw 
water from the containment sump and discharge it through the RCS cold legs.  

* High-head internal recirculation (HHIR) - the recirculation pumps draw water from the 
recirculation sump and feed it to the high-head safety injection (HHSI) pumps. The 
HHSI pumps discharge the water through the RCS cold legs.  

" High-head external recirculation (HHER) - the RHR pumps draw water from the 
containment sump and feed it to the high-head safety injection (HHSI) pumps. The 
HHSI pumps discharge the water through the RCS cold legs.  

" Hot leg internal recirculation (HLIR) - the recirculation pumps draw water from the 
recirculation sump and feed it to the high-head safety injection (HHSI) pumps. The 
HHSI pumps discharge it through the hot leg of the RCS.  

" Hot leg external recirculation (HLER) - the RHR pumps draw water from the 
containment sump and feed it to the HHSI pumps. The HHSI pumps discharge it through 
the hot leg of the RCS.  

The recirculation system is operated in high pressure modes in transients and small LOCAs, in 
low pressure modes in intermediate and large LOCAs, and in hot leg recirculation modes in 
large LOCAs.  

To provide containment spray, the system can be operated in two low pressure modes in 
response to transients and LOCAs: 

m Containment spray internal recirculation (CSIR) - the recirculation pumps draw water 
from the recirculation sump and discharge it through the containment spray nozzles
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m Containment spray external recirculation (CSER) - the RHR pumps draw water from the 
containment sump and discharge it through the containment spray nozzles.  

System Description. The recirculation system is a combination of several systems and 
components including the RHR system, containment and recirculation sump and pumps, the 
high-head safety injection (HHSI) system, valves, piping, and associated controls and 
instrumentation.  

The recirculation sump is located inside the containment and is separate from the containment 
sump. It collects and retains water for the two recirculation pumps. These pumps operate in 
the low-head internal recirculation mode. They are vertical, centrifugal, motor-driven pumps 
with 3,000 gpm capacity at an ;z:50 psig discharge pressure. The recirculation pumps take 
suction from the recirculation sump and discharge through the RHR heat exchangers into the 
RCS cold legs via the accumulator feed lines. Either recirculation pump can supply the 
necessary long-term flow needed for continued core cooling. The RHR heat exchangers serve 
as the heat sink for the circulating water. The low-head internal recirculation mode of 
operation is used when RCS pressure is less than 150 psig.  

In the low-head external recirculation mode of operation, the two RHR pumps provide an 
alternative to the recirculation pumps should the latter be unavailable. Procedurally, however, 
the recirculation pumps are preferred when establishing sump recirculation. The RHR pumps 
take suction from the containment sump and discharge through the RHR heat exchangers into 
the RCS cold legs via the accumulator feed lines. Either RHR pump can supply the necessary 
long-term flow needed for continued core cooling.  

For small breaks in the RCS, recirculated water can be injected to provide long-term core 
cooling using the high head internal/external recirculation modes of operation. In these 
modes, water is delivered from the recirculation/RHR pumps through the RHR heat 
exchangers to the HHSI pumps and from there to the RCS cold legs.  

To prevent boric acid precipitation in the reactor core, the hot leg internal/external 
recirculation modes of operation are started at about 8 hours after the accident. They are not 
required, however, until at least 20 hours have elapsed. In these modes of operation, water is 
delivered from the recirculation/RHR pumps through the RHR heat exchangers to HHSI pump 
suction. The water is then discharged through motor-operated valves SI-856G/B to the RCS 
hot legs.  

The recirculation and containment sumps collect borated water to support the recirculation 
mode of operation. Both sumps are covered with gratings, screens, and baffles to clear the 
water of particles greater than 1/4 in. and to reduce water turbulence to minimize debris 
carryover.  

In containment spray internal/external recirculation modes, containment spray is delivered 
from the recirculation/RHR pumps through the RHR heat exchangers and motor-operated
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valves SI-889A/B to the containment spray headers.

The RHR heat exchangers have a vertical shell and U-tube design. The shell sides contain the 
cooling medium (component cooling water) and the tube sides contain the sump water.  

Schematics of the various recirculation system operating modes, with valves in their normal 
position, are shown in Figures 3.2.2.23 to 3.2.2.30.  

Success Criteria. The success criterion for the LHIR/LHER modes of operation is that 
at least one of two recirculation (LHIR)/RHR (LHER) pumps delivers borated water from the 
recirculation (LHIR)/containment (LHER) sump into the reactor core through at least one 
RCS cold leg during intermediate and large LOCAs for a period of 24 hours.  

The success criterion for the HHIR/HHER modes of operation is that at least one recirculation 
(HHIR)/RHR (HHER) pump delivers borated water from the recirculation (HHIR)/ 
containment (HHER) sump to the suction header of the HHSI system. Furthermore, at least 
one HHSI pump delivers borated water into the reactor core through at least one RCS cold leg 
during transients and small LOCAs for a period of 24 hours.  

The success criterion for the HLIR/HLER modes of operation is that at least one recirculation 
(HLIR)/RHR (HLER) pump delivers borated water from the recirculation (HLIR)/ 
containment (HLER) sump to the suction header of the HHSI system. During large LOCAs, 
at least one HHSI pump must deliver this borated water to the reactor core through at least 
one RCS hot leg.  

The success criterion for the CSIR/CSER modes of operation is that at least one recirculation 
(CSIR)/RHR (CSER) pump delivers borated water from the recirculation (CSIR)/containment 
(CSER) sump into the containment through at least one containment spray header. A 
minimum spray flow of 1300 gpm is required for the first 24 hours after an accident.  

Operation. The recirculation system is in standby during normal plant operation. The 
operator activates the recirculation system upon receipt of a low level (9.2 ft) signal from the 
RWST, selecting the operating mode and making the appropriate system alignments. In the 
LHIR mode of operation, flow is provided by recirculation pumps 31 and 32 (Figure 
3.2.2.23). These pumps take suction from the recirculation sump, discharging water through 
check valves SI-886A (pump 31) and SI-886B (pump 32) into a common header. The flow 
passes through motor-operated valves SI-1802A/B and then splits into two separate lines. One 
path passes through motor-operated valves AC-745A/B, locked-open manual valve AC-742, 
the tube side of the RHR heat exchanger 31, hand control valve SI-638, and motor-operated 
valves SI-747 and SI-899B. The other path passes through the tube side of the RHR heat 
exchanger 32, hand control valve SI-640, and motor-operated valves SI-746 and SI-899A.  
The two paths then combine in a common header that feeds the accumulator discharge lines 
that lead to the four cold legs through check valves SI-838AiB/C/D and SI-897A/B/C/D.
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In the LHER mode of operation, recirculation flow is provided by the RHR pumps 31 and 32 
(Figure 3.2.2.24). These pumps take suction from the containment sump through a common 
outlet header and motor-operated valves SI-885A/B and suction valves AC-735A (pump 31) 
and AC-735B (pump 32). To establish flow using the RHR pump, valve line-ups have to be 
changed from CCR panel SBF-l. Motor-operated valves SI-885A/B are opened first. They 
are interlocked with RHR pump normal suction motor-operated valves AC-730 and AC-731 to 
preclude valves SI-885A/B opening if AC-730 and AC-731 are open. Normally deenergized 
open motor-operated valve SI-882 must also be closed and isolated from the RWST.  

The discharge from RHR pumps 31 and 32 flows through discharge check Valves AC-738A 
(pump 31) and AC-738B (pump 32) and discharge isolation valves AC-739A (pump 31) and 
AC-739B (pump 32). The flow from the two pumps then combines and passes through 
normally deenergized open valve AC-744 and check valve AC-741. The flow then splits into 
two separate paths. One path passes through locked-open manual valve AC-742, the tube side 
of the RHR heat exchanger 31, hand control valve SI-638, and motor-operated valves SI-747 
and SI-899B. The other path passes through motor-operated valves AC-745B/A, the tube side 
of the RHR heat exchanger 32, hand control valve SI-640, and motor-operated valves SI-746 
and SI-899A. The two paths then feed the accumulator discharge lines that lead to the four 
cold legs through check valves SI-838A/B/C/D and SI-897A/B/C/D.  

A minimum flow bypass line is provided on each pump discharge to recirculate flow through 
normally-open manual valve AC-839, check valve AC-837 and manual valve AC-841 (RHR 
pump 31) or manual valve AC-840, check valve AC-838 and manual valve AC-842 (RHR 
pump 32). Additional minimum flow paths are also available downstream of RHR heat 
exchangers 31 and 32 through normally-open motor-operated valves SI-1869B/A, AC-1870, 
and AC-743. These minimum flow paths assure a positive minimum flow should the main 
flow path be blocked or the pumps operate against a RCS pressure that exceeds the 150-psig 
pump discharge pressure.  

In the HHIRIHHER modes of operation, the HHSI pumps are supplied with water from the 
recirculation/RHR pumps (Figures 3.2.2.25 and 3.2.2.26). In the HHIR mode of operation, 
recirculation pumps 31 and 32 take suction from the recirculation sump and discharge water 
through check valves SI-886A (pump 31) and SI-886B (pump 32) into a common header.  
The flow then passes through motor-operated valves SI-1802A/B and splits into two separate 
paths. One path passes through motor-operated valves AC-745A/B, locked-open manual valve 
AC-742, the tube side of the RHR heat exchanger 31, and motor-operated valve SI-1869B.  
The other path passes through the tube side of the RHR heat exchanger 32 and 
motor-operated valve SI-i 869A. The two paths then combine in a common header that feeds 
the normally-closed high-head suction motor-operated valves SI-888A/B. To open valves 
SI-888A/B, RHR pump suction valves AC-730 and AC-731 must be closed because the valves 
are interlocked to prevent inadvertent draining of the RCS to the RWST during RHR loop 
operations. Motor-operated valves SI-888A/B can be opened from CCR panel SBF-1 with 
their own switches or by recirculation switch RS-5. Once valves SI-888A/B are open, the 
RHR heat exchanger outlet valves SI-746, SI-747, SI-899A/B, the RHR pump minimum flow 

3-331



line valves AC-743 and AC- 1870, and the HHSI recirculation motor-operated valves SI-842 
and SI-843 are closed. The recirculation flow discharges through valves SI-888A/B to the 
suction of the HHSI pumps. The HHSI system is then re-aligned to discharge flow through 
the high-head injection lines into the RCS cold legs. The flow path is described in the HHSI 
system work package.  

In the HHER mode of operation, RHR pumps 31 and 32 take suction from the containment 
sump and discharge water to a common outlet header through motor-operated valves 
SI-885A/B and suction valves AC-735A (pump 31) and AC-735B (pump 32). To accomplish 
this, valves SI-885A/B must first be opened from the safeguards panel SBF-1. They are 
interlocked with RHR pump suction motor-operated valves AC-730 and AC-731 to prevent 
valves SI-885A/B from being opened if AC-730 and AC-731 are open. Normally deenergized 
open motor-operated valves SI-1810 and SI-882 must also be closed and isolated from the 
RWST.  

The discharge from the RHR pumps flows through discharge check valves AC-738A (pump 
31) and AC-738B (pump 32) and discharge isolation valves AC-739A (pump 31) and 
AC-739B (pump 32) and then combines and flows through normally deenergized open valve 
AC-744 and check valve AC-741. The flow then splits into two separate paths. One path 
passes through locked-open manual valve AC-742, the tube side of the RHR heat exchanger 
31, and motor-operated valve SI-186913. The other path passes through motor-operated valves 
AC-745B/A, the tube side of the RHR heat exchanger 32, and motor-operated valve 
SI-1869A. The two paths then combine in a common header that feeds the normally closed 
valves SI-888A/B. The remaining operations required to provide water to the HHSI system 
are identical to those described for the HHIR mode of operation.  

The valve alignments for the recirculation system in its HLIR and HLER modes of operation 
are identical to those employed upstream of the HHSI system in the HHIR and HHER modes 
of operation (Figures 3.2.2.27 and 3.2.2.28). To implement the HLIR/HLER modes of 
operation, however, it may be necessary to terminate other modes of operation. If 
containment spray recirculation and LHIR/LHER are in progress, containment spray 
recirculation header motor-operated valves SI-889B/A must be closed, control power for RCS 
hot leg motor-operated valves SI-856G/B energized at MCC-36A/B, respectively, and RCS 
cold leg injection valves SI-856C/E and SI-856J/H closed. Motor-operated valves 856G/B 
can then be opened. High-head suction motor-operated valves SI-888A/B, motor-operated 
valve SI-1869B/A, HHSI pump 32 suction motor-operated valve SI-887A/B, and discharge 
motor-operated valves SI-851A/B are then opened, all three HHSI pumps started, valves 
HCV-638 and HCV-640 shut, and cooling flow is verified.  

If containment spray recirculation and HHIR/HHER are in progress, containment spray 
recirculation header motor-operated valves SI-889B/A are closed, control power for RCS hot 
leg motor-operated valves SI-856G/B is energized at MCC-36A/B, respectively, and RCS cold 
leg injection valves SI-856C/E and SI-856J/H are closed. Motor-operated valves 856G/B can 
then be opened. High-head suction motor-operated valves SI-888A/B, motor-operated valve
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SI-1869B/A, HHSI pump 32 suction motor-operated valve SI-887A/B, and discharge 

motor-operated valves SI-851A/B are opened, all HHSI pumps started, and cooling flow is 

verified.  

In the CSIR/CSER modes of operation, containment spray can be supplied with water from 

the recirculation/RHR pumps (Figures 3.2.2.29 and 3.2.2.30). If containment spray injection 

was initiated it can be re-established after placing the system in recirculation. The 

containment spray signal will be manually reset just prior to the RWST being emptied. The 

running containment spray pump 31/32 are stopped, and the spray pump discharge 

motor-operated valves SI-866A/B are closed. To establish spray flow, containment spray 

recirculation header motor-operated valves SI-889B/A are opened and valves HCV-638 and 

HCV-640 slowly closed until 1,300 gpm spray flow is established to the spray rings.  

Dependencies. Motor-driven recirculation pumps 31 and 32 are powered from the 

independent 480-Vac buses 5A and 6A, respectively. Control power for these pumps is 

supplied by 125-Vdc power panels 31 and 32. Motor-driven RHR pumps 31 and 32 are 

powered from the independent 480-Vac buses 3A and 6A, respectively. Control power for 

these pumps is supplied by 125-Vdc power panels 33 and 32. Motor-driven HHSI pumps 31, 

32 and 33 are powered from independent 480-Vac buses 5A, 2A, and 6A, respectively; 

control power for these pumps is supplied by 125-Vdc power panels 31, 33, and 32.  

Motor-operated valves AC-743, AC-744, AC-745B, SI-1802A, SI-1869A, SI-640, SI-746, 

SI-747, SI-885A, SI-889A, SI-1810, SI-842, SI-850C, SI-851A, SI-856C, SI-856E, SI-856G, 

SI-887A, SI-888A, SI-1835A, and SI-1852A are powered from 480-Vac MCC-36A.  

Motor-operated valves AC-745A, AC-1870, SI-1802B, SI-1869B, SI-638, SI-882, SI-883, 

SI-885B, SI-889B, SI-899A, SI-899B, SI-843, SI-850A, SI-851B, SI-856B, SI-856H, SI-856J, 

SI-887B, SI-888B, SI-1835B, and SI-1852B are powered from 480-Vac MCC-36B.  

Air-operated valves SI-1851A/B receive power from 125-Vdc distribution panels 31 and 32.  

The instrument air system supplies air at nominal 100 psig pressure to operate these two 

valves.  

Cooling water is supplied to the RHR pump seals and jacket coolers and the recirculation 

pump motor coolers by the component cooling water (CCW) system. RHR pump 31 and 

recirculation pump 31 take cooling water from CCW 31 header. RHR pump 31 can also 

draw cooling water from the city water supply. RHR pump 32 and recirculation pump 32 take 

cooling water from CCW 32 header. The RHR heat exchangers also employ component 

cooling water as the shell side cooling medium--the tube side contains the recirculated sump 

water.  

Each HHSI pump has a small shaft-driven cooling water pump that takes suction from the 

CCW system to provide an intermediate source of cooling water to the HHSI pump seal, seal 

jacket and lube oil coolers whenever the pump is in operation. HHSI pump 31 takes cooling 

water from CCW 31 header; pumps 32 and 33 take cooling water from CCW 32 header.
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The primary auxiliary building (PAB) ventilation system cools HHSI components located 
inside the PAB under normal and accident conditions. It also provides the ventilation 
required to permit access to a RHR pump that failed to start should the other pump be 
operating in the recirculation mode.  

Instrumentation and Control. The switchover from the injection to recirculation modes 
of operation is accomplished by manually initiating equipment starts/stops, resetting the safety 
injection signal and closing five of the eight recirculation switches located on CCR panel 
SBF-1--the switches are used to align the HHSI/LHSI/containment spray systems for the 
recirculation phase of operation by manually operating each switch in order.  

The switchover sequence requires that the operator: 

[1] Manually energize the valve control circuits for motor-operated valves SI-882 and SI
1870 at MCC-36B, motor-operated valves SI-1810, AC-743, and AC-744 at MCC-36A, 
and motor-operated valves SI-842 and SI-843 at panel SBF-1 in the CCR.  

[2] Reset the safety injection signal to allow the control logic to permit manipulation of the 
recirculation system.  

[3] Place recirculation switch RS-1 to ON to remove and isolate unnecessary loads from the 
diesels. This action: 

a. Trips HHSI pump 32 if all three HHSI pumps are operating, isolates pump 32 from 
,the RWST, and closes valves SI-887A/B.  

b. Trips containment spray pump 32 if both containment spray pumps are operating.  

c. Closes containment isolation valves at the inoperative spray pump discharge: valve 
SI-866A if containment spray pump 31 inoperative, SI-866B if containment spray 
pump 32 is secured.  

[4] Place recirculation switch RS-3 to ON to remove and isolate unnecessary loads from the 
diesel generators. This manipulation: 

a. Trips RHR pumps 31 and 32 

b. Closes the isolation valves at the RHR pump suction and discharge headers and closes 
valves SI-744 and SI-882 when power is restored to the valves.  

[5] Close valves SWN-FCV- 1111 and SWN-FCV- 1112 and start one non-essential service 
water pump. If only one component cooling water pump is available, isolate the non
regenerative heat exchanger from component cooling water.
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[6] Manually align one recirculation pump by opening recirculation pump discharge 

motor-operated valves SI-1802A/B and start recirculation pump 31 or 32. If both 

recirculation pumps fail to start, align RHR pumps for recirculation flow: 

a. Place recirculation switch RS-3 in OFF position. This action opens RHR discharge 

valve SI-744 and closes SI-882 and SI-883.  

b. Stop RHR pumps and open the containment sump to RHR pump suction valves SI

885B and SI-885A in order.  

c. Close HCV-638 and HCV-640.  

d. Start one RHR pump and slowly open hand control valves SI-638 and SI-640 to 

establish recirculation flow.  

e. Place recirculation switch RS-4 in OFF position and close valves SI-1802A/B.  

[7] Check if low-head recirculation is adequate. If it is not, set recirculation switch RS-5 to 

ON. This action: 

a. Closes LHSI discharge line motor-operated valves SI-746, SI-747 and SI-899A/B.  

b. Opens HHSI suction valves SI-888AiB.  

c. Closes HHSI test line motor-operated valves SI-842 and SI-843.  

d. Closes RHR pump minimum flow motor-operated valves AC-743 and AC-1870.  

If low-head recirculation is adequate, recirculation switch RS-6 is set to ON to initiate 

low-head recirculation flow and trip HHSI pumps 31 and 33.  

[8] Start a second non-essential service water pump and a second component cooling water 

pump. If recirculation is being provided by a recirculation pump, start the second 

recirculation pump. Otherwise, start a second RHR pump.  

[9] Place recirculation switch RS-8 to ON to complete the isolation of the safety injection 

system and the containment spray system test lines to the RWST. This action: 

a. Closes valve SI-1813 on the spray test line.  

b. Closes valve SI-1810 in the HHSI pump suction line from the RWST (control power 

for this valve is de-energized as required by the Technical Specifications.) 

The HHSI and LHSI pump/valve controls are discussed in the HHSI and LHSI sections.
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The recirculation pumps can be manually actuated from central control room (CCR) panel 
SBF-1. The recirculation pump control switches in the control room have four positions: 

" PULL-OUT. The pump is disabled with the switch in this position.  

* STOP. If running, the pump will be stopped by energizing its circuit breaker' trip coil.  

* AUTO. Pump 32 will start on closing recirculation switch RS-4.  

" START. Pump will start.  

The switches have spring return to AUTO.  

When a pump is running, it can be tripped by: 

* Placing the control switch in the STOP or PULL-OUT positions 

" Undervoltage on 480-V buses 5A/6A or safety injection signal actuation 

" Tripping the magnetic overload device on overcurrent.  

The control switches of the motor-operated valves have three positions "CLOSE/AUTO/ 
OPEN" with spring return to AUTO. Position-indicating lights are provided for each valve in 
the control room. Manual operation of motor-operated valves SI-1802A/B, SI-885A/B, 
SI-888A1B, and SI-889A/B is possible from CCR panel SBF- I- Motor-operated valves 
SI-856B and SI-856G can be operated from CCR panel SBF-2; they are interlocked with 
motor-operated valves SI-856H1/J and SI-856C/E, respectively. Motor-operated valves 
SI-885A/B must first be opened from the safeguards panel SBF-l. They are interlocked with 
RHR pump suction motor-operated valves AC-730 and AC-731 so that valves SI-885A/B 
cannot be opened if AC-730 and AC-731 are open.  

Redundant level monitoring is provided to maintain RWST water levels within Technical 
Specification requirements: level transmitter LT-920 is used to provide an indication of 
RWST level on CCR panel SBF-1 and level indicating controller LIC-921 provides local 
indication. By actuating the "RWST LOW-LOW LEVEL" alarm (9.2 ft) on the panel SBF-2, 
the instruments also warn the operators to initiate a switchover from safety injection to 
recirculation modes of operation.  

Level transmitters LT-1251 and LT-1252 are used to provide recirculation sump level 
indication on panel FAF to verify long-term performance of the recirculation pumps.  

Level transmitters LT-1255 and LT-1256 are used to provide containment sump level 
indication on panel FAF to monitor long-term operation of ECCS system.
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Testing and Maintenance.

Testing. HHSI/LHSI system performance tests are discussed in the HHSI and LHSI 
sections. The recirculation system performance test requires that each recirculation pump be 
functionally tested during the refueling outage, each pump being started and allowed to run 
for 15 to 30 minutes. In these runs, pump vibration, temperature, pressure, and flow are 
measured and the values recorded on data sheets.  

The functional test to verify recirculation switch function is performed at every refueling.  
This test requires extensive valve manipulation and the operation of pump breakers in the 
"TEST" position.  

The operability test of RHR system motor-operated valves AC-730, AC-731, SI-882, 
SI-888A/B, SI-889A/B, SI-899A/B and recirculation pump discharge isolation valves 
SI-1802A/B is performed at every refueling. In this test, the motor-operated valves are 
stroked to verify operability.  

The operability test of the motor-operated valves SI-856B/G in the safety injection lines to the 
RCS hot leg is performed at cold shutdown. In this test, the motor-operated valves are 
stroked to verify operability.  

A functional test is performed at every refueling to inspect for leakage in the low- to high
head recirculation stop valves SI-888A/B.  

The RWST low-low level instrumentation system is checked and calibrated once every six 
months. The containment sump and recirculation sump level transmitters are checked and 
calibrated at every refueling.' The recirculation sump level transmitter channel functional test 
is also performed at every refueling.  

Maintenance. Corrective maintenance is carried out as required, subject to the limits 
imposed by the technical specifications. System unavailability resulting from maintenance 
was quantified using data from the plant daily status reports (DSRs), shift supervisor (SS) log, 
and maintenance work requests (MWRs).  

Applicable Technical Specifications. The reactor shall not be brought above cold 
shutdown unless: 

" The RWST low level alarms are operable and set to alarm when the volume of water in 
the tank falls to between 98,100 and 100,850 gallons.  

" Three HHSI pumps and their associated valves and piping are operable.  

* Two RHR pumps and heat exchangers and their associated valves and piping are 
operable.
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m Two recirculation pumps and their associated valves and piping are operable.

* Motor-operated valve SI-883 in the RHR return line to the RWST is closed and its power 
supply de-energized.  

* Motor-operated valves AC-743 and AC-1870 in the minimum flow line for the RHR 
pumps are open and their power supplies de-energized.  

Five exceptions are allowed: 

" One HHSI pump may be out of service for not more than 24 hours provided the pump is 
restored to an operable status within 24 hours.  

* One RHR pump may be out of service for a period of not more than 24 hours provided 
that the pump is restored to an operable status within 24 hours.  

" One RHR heat exchanger may be out of service provided that it is restored to an operable 
status within 48 hours.  

" Any valve required for operation of the system during and after accident conditions may 
be inoperable provided it is returned to service within 24 hours and all valves that 
duplicate the function of the inoperable valve are demonstrated to be operable.  

" One RWST low level alarm may be out of service for up to 7 days provided the other 
low level alarm is operable.  

Shouldthese conditions not be met, the reactor shall be placed in hot shutdown within 4 
hours and in cold shutdown within the following 24 hours.  

Operator Interface. The operator activates the recirculation mode on receipt of an 
indication of low level in the RWST. The switchover is accomplished by the series of 
manual actions described above. Some of these actions (the energization of valve control 
circuits) must be performed locally at MCC-36A and MCC-36B. The I&C technician also 
calibrates the RWST level transmitters used to provide low level indication.  

Model Description. Eight different fault trees model the recirculation system, each fault 
tree reflecting different modes of operation. The top events in the fault tree depict a failure 
of the recirculation system to deliver sufficient water, cooled by the RHR heat exchangers, to 
the reactor core and containment spray nozzles under emergency conditions. The models 
address component-level basic failure events, human errors, unavailabilities due to testing and 
maintenance actions, and common-cause failure of the pumps and valves.
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Modeling Assumptions.

[1] Failure of the operator to initiate the recirculation system mode operation was modeled in 
the fault tree.  

[2] The models include the maintenance unavailability of recirculation system valves-
although valve repairs requiring disassembly of the valve are not frequent, they may have 
a major impact on system availability because of the system isolation requirements for 
safe performance of this maintenance.  

[3] The models include pump maintenance unavailability--while pump maintenance consists 
of a range of action from major disassembly to packing adjustment, most pump 
maintenance requires isolation of the pump from the system.  

[4] A failure to restore valves in pump suction and discharge lines to their proper positions 
after pump tests and maintenance was included in the fault tree models.  

[5] Piping with diameters less than one-third that of the main flow piping from which it 
branches was not considered to be a diversion path. Therefore, lines leading to the 
CVCS and sampling and relief valve flow lines were not treated as potential diversion 
paths.  

[6] The diversion of flow through the normally-closed containment sump isolation valves SI
885A/B or through normally-closed valves AC-730, AC-731, and AC-732 in the RHR 
shutdown cooling line was not modeled--the probability of these valves being open was 
considered extremely low.  

[7] The containment and recirculation sumps are covered with gratings, screens, and baffles 
to remove particles greater than 1/4 in. in diameter from the water and to reduce water 
turbulence and so minimize debris carryover. Therefore, the plugging of recirculation 
flow piping was not modeled.  

[8] A basic event describing the miscalibration of the RWST level transmitter has been 
included in the models--this transmitter is calibrated once every six months.  

3.2.2.10 Containment Air Recirculation Cooling and Filtration (CFC) System 

Function. The function of the containment air recirculation cooling and filtration (CFC) 
system is to : 

m Remove the heat generated by all equipment and piping in the containment during normal 
operation and maintain an ambient temperature of 120°F or less.
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" Remove heat from the containment and reduce containment pressure following LOCAs or 
steam line break accidents inside containment.I 

" Remove fission products from the containment atmosphere should they be released during 
an accident.  

System Description. The CFC system comprises five identical air handling fan cooler 
units, 31-35. Each unit consists of a motor, a fan, cooling coils, moisture separators, high 
efficiency particulate air (H-EPA) filters, charcoal filters, roughing filters, dampers, moisture 
separators, air distribution system, instrumentation and controls. The units are located on the 
68-ft elevation between the containment outer wall and the missile barrier crane wall. The 
moisture separators, HEPA filters, and the charcoal filter comprise the filtration section of the 
unit and are normally isolated from the main air recirculation stream. In an accident, part of 
the air flow is redirected through the filtration section to remove volatile iodine. Duct work 
distributes the exhaust air to a discharge header that is common to all fan cooler units and is 
used in all modes of operation. Heat removed by the CFC system is transferred to the 
ultimate heat sink by the service water system through an air-water heat exchanger.  

The cooling coil assembly consists of eight coil units mounted in two banks located one 
behind the other for horizontal series air flow. The tubes of the coil are horizontal with 
vertical fins. An additional air-to-water heat exchanger is connected to the fan motor to cool 
air drawn into the fan motor.  

Redundant electrically-operated three way solenoid valves are used to control the instrument 
air supply to the air cylinders that control the position of the dampers and blow-in door.  

A schematic of the CFC system air flow path and a simplified drawing of a fan cooler unit 
are shown in Figures 3.2.2.31 and 3.2.2.32.  

Success Criterion. The success criterion for the CFC system is that at least three fan 
cooler units remove heat, and water vapor from containment following various LOCAs and 
steam line break accidents.  

Operation. Each fan cooling unit has four dampers and a blow-in door. During normal 
operation, air flow enters through inlet dampers "A" (26,600 cfm), "B" (27,600 cfm), and "C" 
(15,800 cfmf). The air is then drawn through the cooling coils into the fan suction. The fan 
exhausts 70,000 cfmn of cooled air into a 64-in, common header from where it is distributed to 
various locations throughout the containment (Figure 3.2.2.3 1). Four fan cooler units are 
normally operated in this mode to control containment humidity and temperature.  

On receipt of a safety injection signal, the fan cooler units are operated in their "incident" 
mode--damper "D" and the blow-in door open and dampers "A" and "B" shut. The air flow 
splits into two paths. 8,000 cfm enters through the blow-in door and passes through the 
filtration section and damper "D" and 26,000 cfm enters the fan cooler unit through damper 
"C" bypassing the filtration section. The combined flow then passes through the cooling coils
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and exits as previously described. Any nonoperating' fan cooler is automatically started 

andaligned to this LOCA configuration.  

Upon manual or automatic actuation of the safety injection signal or a loss of electric power 

or air, the dampers and door are tripped to accident positions: dampers "A" and "B" fail 

closed; dampers "C" and "D" fail open. Dampers A, B, C, and D are pneumatically 

controlled by solenoid valves.  

The moisture separators are designed to protect the HEPA filters from differential pressures 

caused by water build up following a LOCA. The HEPA filters are capable of 99.97 percent 

removal for 0.3 micron particles under post-accident design conditions. The charcoal filter for 

each fan cooler unit is designed to remove elemental 1131 (with 90 percent efficiency) and 

organic iodine (with 5 percent efficiency).  

Dependencies. Containment fan cooler units 31, 32, 33, 34 and 35 are powered from 

independent 480-Vac buses 5A, 2A, 5A, 3A and 6A, respectively. Control power for these 

fan cooler units is supplied by 125-Vdc power panels 31, 33, 3.1, 33 and 32, respectively.  

Solenoid valves SOV-1293/1294/1295 are powered from 125-Vdc distribution panel 31.  

Solenoid valves SOV-1296/1297/1298/1302/1303/1304 are powered from 125-Vdc power 

panel 33. Solenoid valves SOV-1299/1300/1301 are powered from 125-Vdc distribution 

panel 33. Solenoid valves SOV-1305/1306/1307 are powered from 125-Vdc distribution 
panel 34.  

The safeguards actuation system (SAS) provides the safety injection signal to automatically 

start the containment fan cooler units.  

The service water system provides cooling water to the fan cooler unit cooling coils and fan 

motor heat exchangers.  

Instrumentation and Control. The safety injection signal automatically starts all 

containment fan cooler units. Manual actuation capability for the containment fan cooler units 

is provided on central control room (CCR) panel SBF-2.  

The containment fan cooler unit control switches in the control room have four positions: 

a PULL-OUT. The fan cooler unit is disabled. In this position, the "Safeguards 

Equipment Locked Open" alarm will be annunciated in the CCR.  

m STOP. If running, the fan cooler unit will be stopped by energizing the fan cooler unit 

circuit breaker trip coil.  

* AUTO. The fan cooler unit will start on receipt of a safety injection signal 

m START. The fan cooler unit will start.
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The control switches have spring return to AUTO.  

When a fan cooler unit is running, it can be tripped by: 

" Placing the control switch in the STOP or PULL-OUT positions 

* Undervoltage on 480-V buses 5A/2A/3A/6A 

" Tripping the magnetic overload device on overcurrent.  

The control switches for the solenoid valves and the position indicating lights for the dampers 
on each fan cooler unit are located on panel SBF-2 in the CCR.  

Temperature switches, uniformly distributed in the charcoal beds, detect fires and localized 
hot spots in the carbon filters, and actuate an alarm.  

Testing and Maintenance.  

Testin . The containment fan cooler unit filtration system performance test is 
performed during refueling outages. The performance test entails: 

* Sampling charcoal for methyl iodine 

" Visually inspecting filter compartment, cooler and fan unit 

" Performing a functional test of the dampers in their normal and incident modes.  

Containment fan cooler unit heat detectors are also tested at refueling outage. The test places 
the fan cooler unit control switch in the PULL-OUT mode and the dampers in the incident 
mode.  

The cooling coil assemblies of the containment fan cooler unit are inspected for excessive 
fouling once every refuel.  

Maintenance. Corrective maintenance is carried out as required and subject to the 
limits imposed by the Technical Specifications. System unavailability resulting from 
maintenance was quantified using data from the plant daily status reports (DSRs), shift 
supervisor (SS) log, and maintenance work requests (MWRs).  

Applicable Technical Specifications. The reactor shall not be brought above cold 
shutdown unless all five fan cooler and charcoal filter units and two containment spray pumps 
and their associated valves and piping are operable.  

Two exceptions are allowed:
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m Fan cooler unit 32, 34, or 35 or their flow paths may be out of service for less than 24 
hours, provided both containment spray pumps are operable.  

w Fan cooler unit 31 or 33 or their flow paths may be out of service for less than 7 days, 
provided both containment spray pumps are operable.  

Should these conditions not be met, the reactor shall be placed in hot shutdown within 4 
hours and in cold shutdown within the following 24 hours.  

Operator Interface. Should automatic actuation fail, the operator can start the 
containment fan cooler units from panel SBF-2 in the CCR.  

Model Description. The CFC fault tree was constructed with top event "3 out of 5 
containment fan cooling units fail to remove heat and limit peak containment pressure under 
accident conditions."' The model addresses component-level basic failure events, 
unavailabilities caused by testing and maintenance actions, and common-cause failure of the 
fan cooler units.  

Modeling Assumptions.  

[1] Loss of service water flow to the fan cooler cooling coils or the fan motor coolers was 
modeled as a failure of the fan cooler units.  

[2] The interface between the service water system and containment fan cooler units is 
modeled in the service water system model.  

[3] Iodine removal by charcoal filters was not modeled because it is not germane to events 
being examined in this IPE.  

[4] The operation of all five contairnent fan cooler units could be affected by the plugging 
of heat exchanger tubes with material entrained in the service water supply. Therefore, 
the common-cause failure of the fan cooler units was modeled.  

[5] Operation of the containment fan cooler units in their incident mode was modeled. The 
model included the safety injection signal starting the fan cooler units, the shift of air 
flow dampers to accident positions, and service water and electric power requirements for 
fan cooler operation.  

3.2.2.11 Residual Heat Removal (RHRt) System 

Function. The residual heat removal (RHR) system is a front-line system designed to 
provide long-term decay heat removal after the occurrence of steam generator tube rupture 
(SGTR) or other special initiating events. The RHR system provides shutdown cooling when 
the pressure and temperature of the reactor coolant system (RCS) fall below 450 psig and
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350'F, respectively.

The RHR system also provides emergency core cooling. This function is discussed in 
Sections 3.2.2.7 and 3.2.2.9, addressing the low-head safety injection and the recirculation 
system.  

System Description. The RHR system comprises two independent subsystems. Each 
subsystem consists of a RHR pump and heat exchanger, valves, piping, instrumentation and 
controls. Each RHR pump is capable of delivering 3000 gpm to the RCS through an RHR 
heat exchanger when the RCS pressure is reduced to 450 psig. The RHR heat exchangers 
have a vertical shell and U-tube design. The shell side contains component cooling water, the 
tube side contains the reactor coolant.  

The RHR system draws water for shutdown cooling from RCS hot leg loop 32. Reactor 
coolant flows through two motor-operated valves to the suction of the RHR pumps. The 
pumps discharge through the tube side of RHR heat exchangers 31 and 32 from where the 
flow is directed to the four RCS cold legs through the accumulator connection lines.  

A schematic of the RHR system with valves in their normal positions is shown in Figure 
3.2.2.33.  

Success Criterion. The success criterion for the RHR system is that at least one RHR 
pump delivers water to the RCS through one of the RHR heat exchangers during accident 
sequences initiated by SGTR or other special initiating events once reactor shutdown and a 
RCS pressure of 450 psig and temperature of 350°F have been achieved.  

Operation. The system is in standby during normal plant operation. After manual 
alignment and starting the system, reactor coolant flows from RCS hot leg loop 32 through 
normally-closed motor-operated valves AC-731 and AC-730 and normally-closed manual 
valve AC-732 to the RHR pump suction valve AC-735A (pump 31) or AC-735B (pump 32).  
An interlock prevents the two motor-operated valves from opening until RCS pressure is 
below 450 psig. The line between valves AC-730 and AC-732 is protected from overpressure 
by relief valve AC-1836 that discharges to the pressurizer relief tank.  

The discharge from the pumps flows through discharge isolation valves AC-739A (pump 31) 
and AC-739B (pump 32) and discharge check valves AC-738A (pump 31) and AC-738B 
(pump 32). The discharge then combines and flows through normally de-energized open 
valve AC-744 and check valve AC-741. The flow then splits into two separate paths: one 
path passes through locked-open manual valve AC-742, the tube side of the RHR heat 
exchanger 31, hand control valve SI-638, and motor-operated valves SI-747 and SI-899B.  
The other path passes through. motor-operated valves AC-745B/A, the tube side of the RHR 
heat exchanger 32, hand control valve SI-640, and motor-operated valves SI-746 and 
SI-899A. These two paths then combine in a common header that feeds the accumulator 
discharge lines to four cold legs through check valves SI-838A/B/C/D and SI-897A/B/C/D.
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RHR heat exchangers 32 and 31 are protected against overpressure by relief valves 
AC-733A/B, respectively, that relieve RCS overpressure to the pressurizer relief tank.  
Normally de-energized closed motor-operated valve SI-882 must be kept closed to isolate the 
RWST from the flow of reactor coolant.  

Minimum flow bypass lines are provided on each pump discharge to recirculate flow and so 
assure positive minimum flow should the main flow path be blocked or the pumps operate 
against a RCS pressure that exceeds the 150-psig pump discharge pressure. The minimum 
flow bypass for RHR pump 31 passes through normally-open manual valve AC-839, check 
valve AC-837 and manual valve AC-841. The minimum flow bypass for RHR pump 32 
passes through manual valve AC-840, check valve AC-838 and manual valve AC-842.  
Additional minimum flow paths are also available downstream of RHR heat exchangers 31 
and 32 through normally-open motor-operated valves SI-1869B/A, AC-1870 and AC-743.  

Dependencies. Motor-driven pumps 31 and 32 are powered from independent 480-Vac 
buses 3A and 6A, respectively; control power for these pumps is supplied by 125-Vdc power 
panels 33 and 32. Motor-operated valves AC-730, AC-743, AC-744, AC-745B, SI-1869A, 
SI-640, SI-746, SI-747 and SI-885A are powered from 480-Vac MCC-36A; motor-operated 
valves AC-731, AC-745A, AC-1870, SI-1869B, SI-638, SI-883, SI-885B and SI-899A/B are 
powered from 480-Vac MCC-36B.  

RCS hot leg loop 1 pressure transmitter PT-402 and interlock relay PC-402AX for 
motor-operated valve AC-730 are powered from 118-Vac instrument bus 31. RCS hot leg 
loop 4 pressure transmitter PT-403 and interlock relay PC-403AX for motor-operated valve 
AC-731 are powered from 118-Vac instrument bus 32.  

Cooling water is supplied to the RHR pump seals and jacket coolers by the component 
cooling water (CCW) system. RHR pump 31 takes its cooling water from CCW 31 header, 
with city water supply as a back-up; RHR pump 32 takes cooling water from CCW 32 header.  

Instrumentation and Control. The RHR system is manually initiated from central 
control room (CCR) panel SGF. The RHR pump control switches in the control room have 
four positions: 

m PULL-OUT. The pump is disabled. In this position, the "Safeguards Equipment Locked 
Open" alarm will be annunciated on panel SGF in the CCR.  

m STOP. If running, the pump will be stopped by energizing the pump circuit breaker trip 
coil.  

m AUTO. Pump will start on receipt of a safety injection signal.  

m START. Pump will start.  

The control switches have spring return to AUTO.
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When a pump is running, it can be tripped by:

m Placing the control switch in the STOP or PULL-OUT positions 

m Undervoltage on 480-V buses 3A/6A 

m Closing recirculation switch RS-3 (all pumps) 

m Tripping the magnetic overload device on overcurrent.  

The control switches for the motor-operated valves have three positions 
("CLOSE/AUTO/OPEN") with spring return to AUTO. Position-indicating lights are 
provided in the control room for each valve. Manual operation of motor-operated valves 
AC-744, AC-745A/B, SI-1869A/B, and SI-883 is possible from CCR panel SBF-l.  
Motor-operated valves AC-730, AC-731, SI-638, SI-640, SI-746, SI-747, and SI-899A/B can 
be operated from CCR panel SGF.  

To prevent valves from opening at RCS pressure greater than 450 psig and to automatically 
close them if the RCS pressure exceeds 550 psig, motor-operated valve AC-730 interlocks 
with RCS hot leg loop 1 pressure transmitter PT-402 and relay PC-402AX, and 
motor-operated valve AC-731 interlocks with RCS hot leg loop 4 pressure transmitter PT-403 
and relay PC-403AX. Motor-operated valve SI-883 interlocks with motor-operated valves 
AC-730 and AC-731 to prevent it from opening unless both motor-operated AC-730 and 
AC-731 are fully closed. This interlock prevents inadvertent opening of valve SI-883 during 
cooldown and subsequent overpressurization of low pressure piping.  

Testing and Maintenance.  

Testing. RHR system surveillance requires that each RHR pump be tested monthly 
for 15 to 30 minutes. The surveillance test entails: 

m Checking to ensure that manual valves AC-735A/B, AC-739A/B, AC-742, AC-839 and 
AC-840 are open.  

* Checking to ensure that motor-operated valves AC-743, AC-744, AC-745A/B, AC-1870, 
SI-746, SI-747, SI-1869A/B, SI-882 and SI-899A/B are open.  

m Checking to ensure that motor-operated valve SI-883 is closed.  

m Starting each pump and allowing it to run for 15 to 30 minutes. In these runs, vibration, 
temperature, pressure, and flow are measured and recorded on data sheets.  

n Verifying check valves AC-738B and AC-838 (pump 31 in service) and AC-738A and 
AC-837 (pump 32 in service) are closed to prevent pump counter-rotation.
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At reactor shutdown, when 1000 psig > RCS pressure > 400 psig and the average RCS 
temperature <212'F, low head safety injection check valves SI-897A/B/C/D and RHR check 
valves SI-838A/B/C/D are tested to verify their ability to open on demand and reseat 
correctly.  

The operability test of RHR system motor-operated valves AC-745A/B, SI-1869A/B, SI-638, 
SI-640, SI-746, SI-747 and SI-899A/B is performed quarterly. In this test, the motor-operated 
valves are stroked.  

The operability test of RHR system motor-operated valves AC-730 and AC-731 and 
associated electrical interlocks is performed at refueling. In this test, the motor-operated 
valves AC-730, AC-731, SI-744, SI-882, SI-883, SI-885A/B, and SI-888A/B are stroked.  

The operability test of the RHR system minimum flow valves AC-743 and AC-1870 is 
performed at cold shutdown. In this test, the motor-operated valves are stroked.  

Check valve SI-881 downstream of the RWST is tested during refueling to ensure that it 
allows the full flow required by the RHR pumps.  

RCS pressure transmitters PT-402 and PT-403 are checked and calibrated at every refueling.  

Maintenance. Corrective maintenance is carried out as required and subject to the 
limits imposed by the technical specifications. System unavailability resulting from 
maintenance was quantified using data from the plant daily status reports (DSRs), shift 
supervisor (SS) log, and maintenance work requests (MWRs).  

Applicable Technical Specifications. The average reactor coolant temperature shall not 
be brought above 350'F unless: 

" Two RHR pumps and heat exchangers and their associated valves and piping are operable 

" Motor-operated valve SI-883 in the RHR return line to the RWST is closed and its power 
supply de-energized 

" Motor-operated valves AC-743, AC-744, AC-882, AC-1810 and AC-1870 are open and 
their power supplies de-energized 

Three exceptions are allowed: 

" One RHR pump may be out of service for no more than 24 hours provided the remaining 
RHR pump is demonstrated to be operable.  

" One RHR heat exchanger may be out of service provided that it is restored to an operable 
status within 48 hours.
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m Any valve required for operation of the RHR system during and after accident conditions 
may be inoperable provided it is returned to service within 24 hours and all valves that 
duplicate the function of the inoperable valve are demonstrated to be operable.  

Should these conditions not be met, the reactor shall be placed in hot shutdown within 
4 hours and in cold shutdown within the following 24 hours.  

When the average reactor coolant system temperature is greater than 200'F but less than 
350'F, one of the following sets of decay heat removal requirements shall be met: 

m Two residual heat removal pumps and associated heat exchangers, piping, and valves are 
operable 

m One residual heat removal pump and heat exchanger and one reactor coolant pump and 
steam generator and associated piping and valves are operable 

m Two reactor coolant pumps and two steam generators and associated piping and valves 
are operable.  

If these decay heat removal requirements are not met, the operators shall initiate corrective 
action to return the required equipment to an operable status as soon as possible and suspend 
any operation which would reduce the boron concentration in the RCS. Otherwise, if 
sufficient equipment is available, the reactor shall be placed in cold shutdown within 20 
hours.  

Somewhat different specifications apply to operation when the average reactor coolant 
temperature is less than 200'F and no refueling is underway. In these conditions, the 
technical specifications require that two RHR pumps together with their associated heat 
exchangers, piping and valves shall be operable. This requirement can be suspended during 
maintenance, inspection or repair provided that an alternative means of decay heat removal is 
available, that cold shutdown requirements are not violated, and that RCS temperature and the 
source range detectors are monitored hourly or that no operations are permitted that would 
reduce the boron concentration of the reactor coolant system. Should these conditions not be 
met, operations that would reduce the boron concentration of the RCS must be suspended.  

Operator Interface. The operator interfaces with the RHR system by manually initiating 
the shutdown cooling mode of operation from the CCR. The operator also manually opens 
the normally-closed manual valve AC-732 locally when the RHR system is started up. The I 
& C technician also calibrates RCS pressure transmitters needed for the interlocks on 
motor-operated valves AC-730 and AC-73 1.  

Model Description. The RHR fault tree was constructed with the top event "RHR 
system fails to function during shutdown cooling." The model addresses component-level 
basic failure events, human errors, unavailabilities due to testing and maintenance actions, and 
common-cause failure of the pumps.
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Modelin2 Assumptions.

[1] The RHR system was assumed to be in standby and not running at the time of the 
accident. Therefore, a failure of the operator to initiate shutdown cooling was modeled in 
the fault tree.  

[2] A loss of power from 118-Vac instrument buses 31 and 32 to interlock relays PC-402AX 
and PC-403AX associated with the motor-operated valves AC-730 and AC-731 will 
prevent these motor-operated valves from opening. This failure mode is modeled in the 
fault tree.  

[3] A failure to restore valves in the pump suction and discharge lines to their proper 
positions after pump tests and maintenance was included in the fault tree model.  

[4] Piping with diameters less than one-third that of the main flow path piping from which it 
branches were not considered to be diversion paths. Therefore, lines leading to the 
CVCS and sampling and relief valve flow lines were not treated as potential flow 
diversion paths.  

[5] The diversion of RHR flow through normally-closed containment sump isolation valves 
SI-885A/B was not modeled--the probability of these valves being opened was considered 
to be extremely low because valves AC-730 and AC-731 in the RHR shutdown cooling 
line are interlocked with valves SI-885A/B.  

[6] Miscalibration of either RCS pressure transmitter (PT-402 or PT-403) was included in the 
model.  

3.2.2.12 Primary Pressure Relief (PPR) System 

Function. The function of the primary pressure relief (PPR) system is to protect the 
reactor coolant system (RCS) from overpressurization and so ensure RCS integrity. In 
addition, in conjunction with the high head safety injection system (HHSI), the PPR system 
can remove heat and depressurize the RCS in the bleed-and-feed mode of operation during 
transients in which all secondary cooling is lost.  

System Description. The PPR system comprises two power-operated relief valves 
(PORVs), three code safety relief valves (SRVs), and two pressurizer spray valves. The 
SRVs are important only in anticipated transient without scram (ATWS) events. The 
pressurizer spray valves reduce RCS pressure after steam generator tube rupture.  

The PORVs provide, RCS pressure relief at a 2350-psia set point (i.e, at a pressure below the 
SRV set point), discharging to the pressurizer relief tank. The normal relief flow through 
each valve is 179,000 lb/hr; the maximum flow is 210,000 lb/hr. PORVs PCV-455C and 
PCV-456 connect to the pressurizer upper head through a common penetration nozzle. Both
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PORVs are 3 in., pneumatically (nitrogen) opened, spring-closed, globe valves. They fail shut 
on loss of nitrogen. Motor-operated block valves RC-535 anid RC-536 are installed upstream 
of PORVs PCV-455C and PCV-456, respectively.  

The three code safety valves PCV-464, PCV-466, and PCV-468 are connected to the 
pressurizer upper head through independent penetration nozzles. The valves are 6 in., spring
loaded, enclosed pop type, angle relief valves with backpressure compensation. Each safety 
valve is set to lift at 2485 psig and has a relief capacity of 408,000 lb/hr of saturated steam.  

The two spray flow control valves PCV-455A and PCV-455B are located in the spray lines 
from RCS loop 34 and 33 cold legs, respectively. They are pneumatically-operated, 3 in.  
globe valves which fail shut on loss of instrument air.  

Actuating nitrogen is supplied to the PORVs through two accumulators and regulator systems.  
The accumulators are located inside containment on the 95 ft. elevation. They are supplied 
with nitrogen from the safety injection accumulator fill/vent header. The nitrogen supply to 
the PORV accumulators taps off the vent/fill header through locked-open valve NNE-104.  
The supply line separates into two headers, each feeding an accumulator. Check valves in 
each supply line prevent depressurization of the PORV accumulators when the safety injection 
accumulators are being vented. The discharge line from each accumulator contains a pressure 
regulating valve to supply nitrogen at 100 psig whenever the solenoid valve associated with 
its PORV is actuated.  

The PORV actuators are protected from nitrogen overpressurization by relief valves NNE-18 
and NNE-15 located between the nitrogen pressure regulator and solenoid valves for 
PCV-455C and PCV-456, respectively. The relief valves lift to pass nitrogen to the 
containment atmosphere at 120 psig.  

A schematic of the PPR system with valves in their normal position is shown in Figure 
3.2.2.34. A schematic of the nitrogen supply to the PORVs with valves in their normal 
position is shown in Figure 3.2.2.35.  

Success Criteria. The success criteria for the PPR system vary according to the 
application. The success criterion for the PPR system following steam generator tube rupture 
is the opening on demand of both pressurizer spray valves or one PORV. The success 
criterion following a small-break LOCA event is the opening on demand of one PORV. The 
success criterion for the PPR system following a transient is the opening on demand of both 
PORVs to support bleed-and-feed operation. The success criterion following an ATWS event 
is the opening of three SRVs and, depending on core burnup, control rod insertion, AFW 
flow, and the initiating event, the opening of one or both PORVs. There are also brief 
periods of time, early in core life, when RCS pressure relief capacity is inadequate to prevent 
RCS overpressurization unless control rods are inserted and periods of time, later in core life, 
in which adequate RCS pressure relief capacity can be provided by the SRVs alone.
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If PORVs open following ATWS, station blackout, or transient events, PORVs or their block 

valves must reclose to preserve RCS integrity; if SRVs open following ATWS events, they 

must reclose to preserve RCS integrity.  

Operation. PORVs PCV-455C and PCV-456 are designed to prevent RCS pressure from 

exceeding the reactor trip setpoint in transients up to and including an instantaneous load 

rejection of 50 percent of full load, assuming automatic rod control and steam dump. They 

also limit operation of the code safety valves by opening at a low pressure.  

The motor-operated block valves RC-535 and RC-536 installed upstream of PORVs 

PCV-455C and PCV-456, respectively, isolate a PORV should it leak or fail open.  

The spray flow control valves PCV-455A and PCV-455B control sprays to the pressurizer that 

reduce pressure by condensing steam. A continuous spray flows through bypass lines 

connected in parallel to the spray control valves. Each spray control valve is bypassed by two 

3/4 in. lines. The bypass lines containing needle valves RC-524 and RC-525 tap into the 

spray lines outside of the manual isolation valves on either side of PCV-455B/A, respectively.  

The other bypass lines, which contain globe valves, tap into the spray lines inside the isolation 

valves of their respective spray control valves. The needle valves provide throttling capability 

for adjusting the continuous spray flow rate. They are each set for approximately 1/2 gpm 

each. The combined capacity of both spray control valves is 650 gpm. This spray flow rate 

can prevent RCS pressure from reaching the trip setpoint of the PORVs following a step load 

reduction of 10 percent of rated power, assuming automatic rod control.  

Dependencies. PORVs PCV-455C and PCV-456 are powered from 125-Vdc distribution 

panels 32 and 31, respectively. Motor-operated block valves RC-535 and RC-536 are 

powered from 480-Vac MCC-36B and MCC-36A, respectively. Manual controllers PC-455G 

and PC-455K for spray valve PCV-455A are powered from 11 8-Vac instrument buses 33 and 

34, respectively. Manual controllers PC-455H and PC-455K for spray valve PCV-455B are 

both powered from 118-Vac instrument bus 34.  

Nitrogen from the accumulator fill/vent header is required to keep both PORVs open. Each 

accumulator can provide nitrogen'for 200 valve operating cycles without recharging.  

The instrument air system supplies air to the spray valves PCV-455A and PCV-455B. Both 

valves fail shut on loss of instrument air supply.  

Instrumentation and Control. The PORVs can be operated manually from flight panel 

FCF in the central control room (CCR). The control switches for the PORV have three 

positions ("CLOSE/AUTO/OPEN"). In AUTO, each valve is opened by independent signals 

generated by the pressurizer pressure control system or, during low pressure and temperature 

operation, by the overpressure protection system. PORV status indicating lights are provided 

on panel FCF. A common alarm on CCR panel SBF will be triggered if either PORV is not 

seated. Each PORV is equipped with a locally mounted position switch that will trigger the 

alarm. The control switch is placed in its OPEN position to open a PORV manually to
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perform the bleed-and-feed function.

The control switches for the motor-operated block valves are also located on flight panel FCF 
of the CCR. They have four positions: PULLOUT/CLOSE/AUTO/OPEN.  

Each code safety valve has a resistance temperature device (RTD) installed in its discharge 
pipe. When the safety valve is open, the RTD indicates a higher temperature on panel FBF in 
the CCR. High temperature is alarmed when an RTD senses a temperature of 250'F 

Each spray valve has its own spray controller with automatic and manual control features.  
During normal operation both controllers are placed in automatic. The pressure control 
system is normally set to operate at a pressurizer pressure of 2235 psig. At this setting, the 
spray valves begin to open at 2260 psig.  

Controllers PC-455G/H/K are used to operate spray valves PCV-455A and PCV-455B in their 
manual control mode. The controllers are located on the CCR flight panel FBF.  

Testing and Maintenance.  

Testing. The operability test of the motor-operated block valves RC-535 and RC-536 
is performed quarterly. In this test, the motor-operated valves are stroked. Local observation 
are made on these valves during every refueling outage.  

The operability test of PORVs PCV-455C and PCV-456 and associated motor-operated block 
valves RC-535 and RC-536 is performed during every refueling outage. In this test, the 
valves are stroked. Local observation are made on these valves during every refueling outage.  

A set pressure and seat leakage test is performed on the pressurizer code safety valves 
PCV-464, PCV-466 and PCV-468 at refueling. An outside facility is used for this test.  

Maintenance. Corrective maintenance is carried out as required, subject to the limits 
imposed by the technical specifications. System unavailability resulting from maintenance 
was quantified using data from the plant daily status reports (DSRs), shift supervisor (SS) log, 
and maintenance work requests (MWRs).  

Applicable Technical Specifications. Whenever the reactor coolant system is above 
400'F, the power-operated relief valves shall be operable or their associated block valves 
closed. If the block valve is closed because of an inoperable PORV, the control power for the 
block valve must be removed. If the above conditions cannot be satisfied within 1 hour, the 
reactor shall be in hot shutdown within 6 hours and in cold shutdown within the following 30 
hours.  

Whenever the reactor coolant system is above 400*F, the motor-operated block valves shall be 
operable or closed. If the block valve is inoperable, the control power is to be removed. If 
the above conditions cannot be satisfied within 1 hour, the reactor shall be in hot shutdown
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within the following 30 hours.

The technical specifications that apply to the safety valves are as follows: 

m At least one pressurizer code safety valve shall be operable, or an opening greater than or 
equal to the size of one code safety valve flange shall be provided to allow for pressure 
relief whenever the reactor head is on the vessel except for hydrostatic testing of the RCS 
in accordance with Section XI of the ASME Boiler and Pressure Vessel Code.  

m All pressurizer code safety valves shall be operable whenever the reactor is above the 
cold shutdown condition except during RCS hydrostatic tests or while safety valve are 
being set.  

m The pressurizer code safety valve lift setting shall be set at 2485 psig with +1 percent 
allowance for error.  

Operator Interface. The operator manually opens and closes the PORVs from flight 
panel FCF in CCR in feed and bleed operation. The operator manually controls the spray 
valve controllers from the flight panel FCF to reduce the RCS pressure.  

Model Description. Several fault trees model the PPR system, each fault tree reflecting, 
different success criteria. They address component-level basic failure events, human errors, 
and common-cause failure of the valves.  

Modeling Assumptions.  

[1] Operation of the safety-relief valves is demanded only during ATWS events. The valves 
play no role in transient and station blackout events.  

[2] The failure of the operator to open the pressurizer spray valves or the PORVs to reduce 
RCS pressure is modeled in the fault trees as appropriate.  

[3] The motor-operated block valves are normally open unless a PORV is leaking--should a 
PORV leak, its motor-operated block valve is closed and the power sources to the valve 
will be deenergized. A conditional probability of unity was assigned to the 
motor-operated block valves being closed and their power sources deenergized during 
normal plant operation. This probability reflects plant operating experience.  

[4] Loss of power from 118-Vac instrument bus 33 to controller PC-455G and from 11 8-Vac 
instrument bus 34 to controllers PC-455H and PC-455K will inhibit pressurizer spray 
valves PCV-455A1B from opening. This failure mode is modeled in the fault tree.
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3.2.2.13 Chemical and Volume Control System

Function. The chemical and volume control system (CVCS) has multiple functions. Of 
particular interest are its uses to provide reactor coolant pump seal cooling, to inject highly 
concentrated boric acid solution drawn from the boric acid storage tanks (BASTs) into the 
reactor coolant system (RCS) following an anticipated transient without scram (ATWS) event, 
and to provide RCS make-up during a small-small LOCA event.  

System Description. In its emergency boration modes of operation, the CVCS uses 
charging pumps, boric acid transfer pumps, valves, piping, instrumentation and controls. The 
three charging pumps are variable-speed positive displacement pumps located in the primary 
auxiliary building (PAB) at the 55-ft elevation; each pump is rated for 98 gpm at 2385 psig.  
The two boric acid transfer pumps are also located in the PAB at the 55-ft elevation below 
the BASTs. They circulate and transfer at 75 gpm a solution of approximately 12 percent 
boric acid in the emergency boration mode of operation.  

A portion of the charging pump discharge is used to provide seal water injection flow to the 
reactor coolant pumps. Emerging from the seals, the flow recirculates through the seal return 
water heat exchanger and returns to the volume control tank (VCT).  

In small-small LOCAs, the charging pumps draw water from the VCT and discharge it to 
RCS cold leg loop 31 or hot leg loop 32 through the normal charging path.  

A schematic of the CVCS and boric acid transfer system with valves in their normal position 
is shown in Figures 3.2.2.36 and 3.2.2.37.  

Success Criteria. The success criterion for the CVCS in its emergency boration modes 
of operation following an ATWS event is that reactor shutdown is achieved by injection of 
boric acid through the primary emergency boration path presented in EOP FR-S-1 (through 
motor-operated valve CH-333), one of two alternative emergency boration paths, or the 
normal boration path presented in SOP-CVCS-3. The success criterion for reactor cooling 
pump seal cooling is that one of the three charging pumps continues to run for 24 hours, 
providing seal injection flow to all four reactor coolant pumps, or that the CCW system stays 
available. The success criterion for the CVCS in a small-small LOCA event is that one of 
three charging pumps provide RCS make-up.  

Operation. In normal operation, one charging pump will be running. The charging 
pumps draw water from the volume control tank (VCT) and discharge it into the RCS through 
cold leg loop 31; the charging pumps also supply seal injection water to the reactor coolant 
pumps. The CVCS has four different emergency boration operating modes, one reactor 
coolant pump seal cooling mode of operation, and one small-small LOCA mode of operation.  
These operating modes are as follows:
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Figure 3.2.2.36 CVCS SCHEMATIC - CHARGING PUMP FLOW PATHS AND RCP SEAL COOLING
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Emergency Boration Through Motor-Operated Valve CH-333. The operator 
manually opens normally-closed motor-operated valve CH-333, starts the boric acid transfer 
pump in its high speed mode, transfers the charging pump to manual control and switches it 
to its maximum speed. Borated water is then pumped from the BAST through the CVCS 
normal charging pump flow path to the RCS.  

Emergency Boration Through Boric Acid Flow Control Valve CH-FCV-110A and 
Manual Stop Valve CH-293. The operator manually opens normally-closed boric acid flow 
control valve CH-FCV-1 1OA and manual stop valve CH-293, starts the boric acid transfer 
pump in its high speed mode, transfers the charging pump to manual control, and switches it 
to its maximum speed. Borated water is pumped from the BAST through the CVCS normal 
charging pump flow path to the RCS. CH-FCV-1 1OA is opened by locally discharging air 
from the valve diaphragm.  

Emergency Boration Through Boric Acid Flow Control Valves CH-FCV-11OA/B 
and Manual Valve CH-297 (Normal Boration Path). The operator manually opens 
normally-closed boric 'acid flow control valve CH-FCV-1 OB, modulating boric acid flow 
control valve CH-FCV- 11 OA, and manual stop valve CH-297, starts the boric acid transfer 
pump in its high speed mode, transfers the charging pump to manual control, and switches it 
to its maximum speed. Borated water is pumped from the BAST through the CVCS normal 
charging pump flow path to the RCS.  

Emergency Boration Using Borated Water from the RWST. If high concentration 
boric acid is unavailable, the operator opens the RWST to charging pump suction level 
control valve CH-LCV-112B and closes VCT level control valve CH-LCV-112C. Borated 
water is drawn from the RWST by the charging pumps and pumped via the CVCS normal 
charging pump flow path to the RCS.  

Reactor Coolant Pump Seal Cooling. Approximately 32 gpm of the discharge to the 
charging pump header flows to the reactor coolant pump (RCP) seal injection header to 
provide water for RCP seal systems and cooling for the RCP radial bearings. This flow 
passes through one of two seal water injection filters and then splits into separate lines to each 
of the four RCPs. Each line has a manual valve (CH-241A/B/C/D), two motor-operated 
valves (CH-441, CH-442, CH-443, CH-444 and CH-250 A/B/C/D) that serve as containment 
isolation valves, and three check valves located inside the containment. The RCP seal water 
discharge exits through air-operated valves CH-261 A/B/C/D and manual valves CH
262A/B/C/D and CH-244A/B/C/D, through the containment isolation motor-operated valve 
CH-222, manual valve CH-223, the seal return water filter, manual valves CH-225 and CH
272A, the seal return water heat exchanger, manual valve CH-272B, and the volume control 
tank (VCT) before entering the charging pump suction header.  

Small-Small LOCA. In a small-small LOCA event, water is drawn from the VCT 
through motor-operated valve CH-LCV- 112C and check valve CH-292 to the charging pump 
suction header. Charging pump flow discharges to the RCS through manual valve CH-228, 
hand control valve CH-HCV-142, motor-operated valves CH-MOV-226 and CH-MOV-205,
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check valve CH-374, and the regenerative heat exchanger. After exiting from the regenerative 

heat exchanger, the charging flow is routed to RCS cold leg loop 31 through isolation valve 

CH-204B and check valves CH-2101B/D, or to RCS hot leg loop 32 through isolation valve 

CH-204A and check valves CH-21OA/C.  

Dependencies. Charging pumps 31, 32, and 33 are powered from independent 480-Vac 

emergency buses 5A, 3A and 6A, respectively; control power for these pumps is supplied by 

125-Vdc power panels 31, 33 and 32. Boric acid transfer pump 31, level control valve CH

LCV-l 12C, and motor-operated valves CH-222, CH-226, CH-441, CH-442, CH-443, and CH

444 are powered from 480-Vac MCC-36A. Boric acid transfer pump 32, motor-operated 

valves CH-205, CH-250 A/B/C/D, and CH-333 and level control valve CH-LCV-112B are 

powered from 480-Vac MCC-36B. Boric acid flow control valves CH-FCV-11OA/B, RCP 31 

and 33 seal return isolation valves CH-261A/C, and charging line isolation valve CH-AOV

204A are powered from 125-Vdc distribution panel 31. RCPs 32 and 34 seal return isolation 

valves CH-261B/D and charging line isolation valve CH-AOV-204B are powered from 125

Vdc distribution panel 32. The charging pump speed controllers SC-141A/B/C are powered 

from 11 8-Vac instrument bus 34. Boric acid flow controller FIC-1 10 is powered from 

11 8-Vac instrument bus 31. Boric acid flow totalizer YIC- 110 is powered from 11 8-Vac 

instrument bus 31.  

Interlock relays BSX-1 (for boric acid transfer pumps 31 and 32 and boric acid flow control 

valves CH-FCV- 10A/B) and LC1 12C-X (for level control valve CH-LCV-1 12B) are 

powered from 118-Vac instrument bus 31.  

The instrument air system supplies air to operate boric acid flow-control valves CH-FCV

1 A/B, RCP seal return isolation valves CH-AOV-261A/B/C/D, and charging line isolation 

valves CH-AOV-204A/B. Loss of instrument air will result in valves CH-FCV-1 10A, CH

AOV-261A/B/C/D, and CH-AOV-204A/B failing in the open position and CH-FCV-1 lOB 

failing in the closed position.  

Oil pumps are attached to the charging pump shafts. They take suction from oil reservoirs 

and pump oil through a heat exchanger to the casing. The oil flowing through the heat 

exchanger is cooled by component cooling water (CCW) drawn from CCW 32 header; a 

back-up supply of city water is also available in the charging pump cells for cooling purposes.  

Crankcase oil is also cooled with CCW in a second heat exchanger. The pump seals are 

spring loaded teflon packings and are cooled and lubricated by water supplied from the 
accumulator tank.  

Component cooling water (CCW) flows through the shell side of the seal return water heat 

exchanger to cool the returning RCP seal water.  

The PAB ventilation system provides cooling for the charging pump rooms under normal and 
accident conditions.
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Instrumentation and Control. Emergency boration is manually initiated. Charging 

pumps 31, 32, 33, their associated speed controllers SC-141A/B/C, and the control switches 

for boric acid transfer pumps 31 and 32 can be operated from central control room (CCR) 
panel FCF. Both charging and boric acid pump speeds will be increased during emergency 
boration.  

Motor-operated valve CH-333 and air-operated valves CH-AOV-204A/B can be manually 
operated from CCR panel SFF. Boric acid flow controller FIC- 110 and flow totalizer.  
YIC- 110 can be manually operated from CCR panel FBF. To increase the boric acid 
concentration in the RCS, the operator dials in the total volume of boric acid to be added on 
the thumbwheels of the boric acid flow totalizer YIC-110. To adjust the flow rate at which 
the boric acid is to be added, the setpoint dial of controller FIC- 110 is turned. The operator 
then places the MAKEUP MODE SELECTOR switch in the BORATE position and places the 
MAKEUP CONTROL switch in the START position. The boric acid transfer pumps start to 
run at the fast speed and FCV- 11 OB opens. Boric acid flow controller FIC- 110 positions 
FCV- 11 OA to control the boric acid flow to the charging pump suction.  

Testing and Maintenance.  

Testing. CVCS surveillance requires that each charging and boric acid transfer pumps 

be functionally tested each quarter. In the functional test, each pump is started and allowed to 
run for at least 15 minutes, vibration, temperature, pressure, and flow being measured and 
recorded on data sheets.  

Local 6peration of the charging pumps is tested at refueling outages with the reactor in a hot 

shutdown condition. Charging pumps are started locally and their speed adjusted locally using 
the manual speed controllers by- placing the AUTO/MANUAL switch in the MANUAL 
position.  

The operability test of charging system containment isolation valves CH-201, CH-202, 
CH-205, CH-222, CH-226, CH-227, CH-250 A/B/C/D, CH-261A1B/C/D, CH-441, CH-442, 
CH-443, and CH-444 and of emergency boration motor-operated valve CH-333 is performed 
at cold shutdown. In this test, the motor- and air-operated valves are stroked to verify their 
operability.  

Boric acid flow instrumentation is calibrated every 24 months.  

Maintenance. Corrective maintenance is carried out as required and subject to the 
limits imposed by the technical specifications. System unavailability resulting from 
maintenance was quantified using data from the plant daily status reports (DSRs), shift 
supervisor (SS) log, and maintenance work requests (MWRs).  

Applicable Technical Specifications. The reactor shall not be brought above cold 
shutdown unless:
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m Two charging pumps are operable.

m Two boric acid transfer pumps are operable with one pump recirculating the contents of 
the boron injection tank.  

* The BAST contains a minimum of 6100 gallons of 11.5 to 13 percent by weight boric 
acid solution (20,112 ppm to 22,735 ppm boron) at a temperature at least 145°F.  

m Flow paths exist from the BAST and RWST to the RCS and between the BAST and the 
boron injection tank.  

m BAST level indicators and the boron injection tank recirculation flow indicator are 
operating.  

* Two channels of heat tracing are operable on the flow path from the BAST to the RCS.  

m The city water system can supply emergency cooling water to the charging pumps and 
water to flush the concentrated boric acid piping from the outlet of the BASTs to the 
charging pump suction.  

Five exceptions are allowed: 

* One of the two operable charging pumps may be removed from service provided a 
second charging pump is restored to an operable status within 24 hours.  

* One boric acid transfer pump may be out of service provided the standby pump is 
immediately placed in service and the failed pump is restored to an operable status within 
48 hours.  

m The BAST may be inoperable provided that: (a) the RWST is operable, (b) the 
requirement of technical specification 3.3.A.3.b are satisfied and (c) the BAST is restored 
to an operable status within 48 hours.  

* One channel of heat tracing for the flow path from the BAST to the RCS may be out of 
service provided the failed channel is restored to operation within 7 days and the 
redundant channel is demonstrated to be operable daily during that period.  

n The boron injection tank recirculation flow indicator may be inoperable for 48 hours.  

Should these conditions not be met, the reactor (if critical) shall be placed in hot shutdown 
and in cold shutdown within the following 48 hours.  

Operator Interface. The operator interfaces with the CVCS in its emergency boration 
mode of operation by manually initiating the primary emergency boration mode of operation 
from the CCR, starting the boric acid transfer pump in its high speed mode of operation,
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transferring the charging pumps to manual control and increasing their speed to maximum.  
The operator also implements the three alternative emergency boration paths--if 
motor-operated valve CH-333 cannot be opened, the operator locally opens normally-closed 
manual valve CH-293 and boric flow control valve CH-FCV- 11 OA by locally discharging air 
from the valve diaphragm. The operator will open charging. line isolation valve CH-AOV
204A should the normal charging path to RCS cold leg 31 be unavailable during a small
small LOCA event.  

Model Description. Six CVCS fault trees were prepared. One CVCS fault tree has the 
top event "CVCS fails to function during emergency boration mode for ATWS event." The 
second fault tree has the top event "CVCS charging pumps fail to provide make-up to the 
RCS during small-small LOCA events." The other four fault trees have top events that 
address a loss of seal injection water flow to each reactor coolant pump. The fault trees 
address component-level basic failure events, human errors, unavailabilities caused by testing 
and maintenance actions, and common-cause failure of the pumps and valves.  

Modeling Assumptions.  

[1] The CVCS is assumed to be operable at the time of the accident: charging pump 31 was 
assumed to be running at the time of ATWS and small-small LOCA events.  

[2] A failure of the operator to initiate emergency boration mode of operation during ATWS 
event is modeled in the fault tree.  

[3] The three alternative emergency boration paths presented in SOP-CVCS-3 were also 
modeled in the fault tree.  

[4] Heat tracing provides for the flow path from the boric acid storage system to the reactor 
coolant system is considered to be available prior to the ATWS event.  

[5] A failure to restore valves in the charging and boric acid transfer pump suction and 
discharge lines to their proper positions after pump tests and maintenance was included in 
the fault tree model.  

[6] No credit was taken for the manual opening of the seal water return filter bypass line 
valve CH-221A.
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3.2.2.14 Primary Water Make-Up System

Function. The primary water make-up system (PWMS) has multiple functions. This 
study examines its use in refilling the refueling water storage tank (RWST) to allow core 
cooling when recirculation core cooling is unavailable--during steam generator tube rupture 
and V-sequence events in which the containment is bypassed and when random faults disable 
recirculation core cooling.  

System Description. To refill the RWST, the PWMS uses the two primary water pumps, 
the primary water storage tank (PWST), valves, piping, instrumentation and controls. The 
primary water pumps are in the primary auxiliary building (PAB) at the 41-ft elevation. Each 
pump has a rated flow of 150 gpm; the pumps take suction from the PWST and discharge 
water to the RWST.  

A schematic of the PWMS with valves in their normal positions is shown in Figure 3.2.2.38.  

Success Criterion. The success criterion for refilling the RWST is that make-up water is 
drawn from the PWST and discharged to the RWST using one primary water pump. This 
criterion requires the manual alignment of the PWMS.  

Operation. To refill the RWST using the PWMS, the operator must close normally-open 
manual valve CH-297 on the outlet of the boric acid blender to prevent the volume control 
tank (VCT) from filling. The operator must also open normally closed manual valves 
CH-295 and CH-350 in the line to the RWST. Water then flows from the PWST through 
locked-open manual valve PW-2 and splits into two paths. One path passes through normally 
open manual valve PW- 11, primary water pump 31, check valve PW- 13, and manual valve 
PW-16. The other path passes through normally open manual valve PW-12, primary water 
pump 32, check valve PW-14, and manual valve PW-15. The two paths then combine in a 
common header that passes through normally open manual valves PW-98, CH-339, CH-326, 
primary water flow control valve CH-FCV- 1 A, check valve CH-327, the boric acid blender, 
and manual valves CH-295 and CH-350. The blender promotes the thorough mixing of the 
boric acid and primary make-up water. The water then discharges through manual valve 
SI-1862 to the RWST.  

Dependencies. Primary water pumps 31 and 32 are powered from 480-Vac MCC-37.  
Primary water flow-control valve CH-FCV- 1 1A is powered from 125-Vdc distribution panel 
31; primary water flow controller FIC- 111 is powered from 11 8-Vac instrument bus 31; 
primary water flow totalizer YIC- 111 is powered from 11 8-Vac instrument bus 31.  

The interlock relays BSX-1 and BSX-3 of the primary water flow control valves 
CH-FCV- 1 A are powered from 1 l8-Vac instrument bus 31.  

The instrument air system supplies air to operate primary water flow control valve 
CH-FCV- 1 A. Loss of instrument air will result in the valve failing in the closed position.
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Instrumentation and Control. Refilling the RWST is manually initiated. Normally 

only one primary water pump is selected to run continuously; the second primary water pump 

is in automatic standby. The pumps can be manually actuated from central control room 

(CCR) panel FCF. The make-up control system sends a start signal to both pumps when 

automatic make-up is required. The pump in operation continues to run and the stand-by 

pump starts. The pumps can also be manually tripped from CCR panel FCF. Primary water 

flow controller FIC- 111 and primary water flow totalizer YIC- Ill can be manually operated 

from CCR panel FBF. The combined flow of primary water is totalized by batch counter 

YIC-111. Primary water flow-control valve CH-FCV-111A regulates the primary water flow 

rate and is controlled by flow controller FIC- I11.  

Testing and Maintenance. Primary water flow instrumentation is calibrated every 24 

months.  

Corrective maintenance is carried out as required. System unavailability resulting from 

maintenance was quantified using data from the plant daily status reports (DSRs), shift 

supervisor (SS) log, and maintenance work requests (MWRs). ., o 

Applicable Technical Specifications. No technical specifications apply to the PWMS.  

However, some precautions and limitations are noted in the procedures: 

" RWST should contain at least 346,870 gal of borated water with a boron concentration of 

between 2400 and 2600 ppm when the average temperature of the reactor coolant system 

exceeds 200'F.  

" While filling the RWST, automatic make-up cannot be provided to the VCT.  

* The line from the boric acid blender to the RWST is not heat traced. To prevent 

crystallization, the concentration of boron in the normal blended make-up to the RWST 

should not exceed 5000 ppm (assuming a boron temperature of 32°F) unless the line is 

flushed with approximately 200 gal of primary or low-boron-concentration water after the 

boron addition is made.  

" To ensure that the RWST contains at least 346,870 gal, it shall be filled until the RWST 
low level alarm clears.  

* Should the RWST overflow while being filled, the fill rate should be reduced to prevent 

the overflow from spilling into the hold-up tank pit sump.  

Operator Interface. The operator interfaces with the PWMS in refilling the RWST by: 

* Closing manual valve CH-297 on the outlet of the boric acid blender to prevent water 
from entering the VCT
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. Opening manual valves CH-295 and CH-350

m Setting boric acid and primary water flow control valves from the CCR panel FBF to 
give the desired boron concentration.  

Model Description. The PWMS fault tree was constructed with top event "PWMS fails 
to refill the RWST." It addresses component-level basic failure events, human errors, 
unavailabilities due to testing and maintenance actions, and common-cause failure of the 
pumps and check valves.  

Modeling Assumptions.  

[1] A failure of the operator to initiate RWST refilling was modeled.  

[2] Primary water pump 31 is running at the time of the accident.  

[3] A failure'to restore valves in the suction and discharge lines for primary water pump 32 
to their proper positions after pump tests and maintenance was modeled.  

3.2.2.15 Component Cooling Water System 

Function. The component cooling water (CCW) system is a support system which 
transfers heat from radioactive systems to the service water system.  

System Description. The CCW system is a closed loop system comprising three pumps 
(31, 32, and 33) and two surge tanks that feed two main supply headers (31 and 32) and two 
heat exchangers, one on each supply header. The headers form closed loops, with-the return 
header feeding the pump suction header. The surge tanks are also connected to the pump 
suction header. They compensate for changes in CCW inventory and ensure adequate net 
positive suction head (NPSH) for the pumps. The heat exchangers are cooled by service 
water. The components served by the CCW system are connected to both the supply and 
return headers.  

The two headers are asymmetrically loaded but are normally cross-tied--only in the event of 
leaks would they be segregated in accordance with ONOP-CC-1 and ONOP-CC-2. The loads 
on the individual headers are listed in Table 3.2.2.2.  

Simplified schematics of the CCW system are shown in Figure 3.2.2.39.  

Success Criteria. The CCW system supports essential front line components. Therefore 
system success criteria are defined as the delivery of adequate flow at specified temperatures 
to the components supported. Because not every front line component is required in each 
accident
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Table 3.2.2.2 

Component Cooling Water Loads

Header System 

31 Primary make-up 

31 RHR 

31 Spent fuel cooling

Waste gas

Component(s) 

Products cooler 

Heat exchanger 31 
Pump 31 seal housing 
Pump 31 thermal barrier 

Heat exchanger 

Compressor coolers 31 and 32

Safety injection 

RCS 

CVCS 

Sampling System

RHR

Safety Injection

31 recirculation pump using ACCW pumps 31 and 32 
31 HHSI pump 

RCP lower motor bearing cooler (all 4 pumps) 
RCP upper motor bearing cooler (all 4 pumps) 
RCP thermal barrier (all 4 pumps) 
Reactor vessel support block coolers (4) 

Seal water heat exchanger 
Non-regenerative heat exchanger 
Excess letdown heat exchanger 
CCP speed controller cooler (all 3 pumps) 
CCP bearing cooler (all 3 pumps) 

Failed fuel detector cooler 
Various sample coolers (PZR, S/G, B/D, RCS) 

Heat exchanger 32 
Pump 32 seal heat exchanger and thermal barrier 

Recirculation pump 32 using ACCW pumps 33 and 34 
HHSI pumps 32 and 33
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sequence, CCW system success criteria will vary. In general though, success requires that one 

of three CCW pumps operates. However, adequate cooling of the RHR heat exchangers 
requires two CCW pumps to operate if the operators fail to isolate the non-regenerative heat 
exchanger.  

Operation. The configuration of the CCW system operation depends upon the heat load.  

Usually however, two pumps and two heat exchangers are in operation with the third pump in 

standby. The standby pump will start automatically on low supply header pressure.  

CCW flow is normally maintained to all the loads listed except the RHR heat exchangers and 

the excess letdown heat exchanger. A flow of approximately 4400 gpm is required. Service 
water flow through the heat exchangers is controlled to maintain the supply header 
temperature between 70 and 100'F. The return header temperature is limited to 160'F to 

prevent damage to the scintillation crystals in the radiation monitors. Since the supply 

headers are cross-connected, the uneven distribution of header loads is of no consequence.  

The purpose of the auxiliary component cooling water (ACCW) pumps, which are listed as a 

CCW load, is to cool the recirculation pump motors. Under accident conditions, operation of 
the recirculation pumps cannot be assured without adequate CCW flow (40 gpm) because of 
the harsh containment environment that could exist.  

Dependencies. The CCW pumps receive power from the 480-Vac distribution system: pump 
31 is powered from bus 5A, pump 32 from bus 2A, and pump 33 from bus 6A. Pump 32 
also receives back-up power from MCC-312A. Auxiliary CCW pumps 31 and 33 are 
powered from MCC-36A. Pumps 32 and 34 are powered from MCC-36B. Service water is 
supplied to the CCW heat exchangers to remove process heat. The valves controlling CCW 
flow to various loads are powered from MCC-36A/B.  

Instrumentation and Control. CCW pumps are controlled from the SGF panel in the CCR.  
Each pump has a control switch with START, STOP, AUTO, and TRIP PULL OUT (TPO) 
positions. Red, green and amber lights are associated with these switches: red for "On", green 
for "Off' and amber for "Overcurrent trip." In TPO, all lights are off and the motor is 
completely disabled. In AUTO, the pump is in standby. The switch always returns to AUTO 
except in TPO.  

A standby pump starts when low supply header pressures are sensed by pressure switches PC
600 A/B. These switches initiate an automatic start signal at a pump discharge pressure of 
100 psig. The pump will not start automatically if there is a bus undervoltage.  

Subsequent to an SI signal, the CCW pumps will start as sequenced unless the SI signal is 
accompanied by a loss of offsite power. In that case, the pumps will trip to minimize the 
initial diesel load. However, the pumps may be started by the operator if necessary. If there 
is a loss of off-site power without an SI signal, the pumps in AUTO will be sequenced.
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On a shift to cold leg recirculation, the pumps will be started by the operator. During the 
transfer to the recirculation mode, the operator manipulates the 8 recirculation switches to 
isolate the RWST and stop injection into the RCS. Core cooling will then be accomplished 
by drawing water from the containment or recirculation sump, cooling it in the RHR heat 
exchangers, and recirculating it back to the core. In this process, CCW pump operation is 
necessary to cool the RHR heat exchangers.  

Pump 32 has an "Appendix R" alternative power supply. Under normal circumstances, pump 
32 is lined up to the 2A bus, but it can be shifted to MCC-312A using a manual transfer 
switch located at the pump. This action is described in SOP-EL-12. Once transfer to MCC
312A is complete, local control of pump 32 is possible using a start/stop switch at the breaker 
cubicle located on MCC-312A.  

Alarms associated with the pumps are the header low pressure alarms discussed above, a 
transfer-to-local-control alarm associated with pump 32, and a trip alarm common to all 
480-V motors.  

The auxiliary CCW pumps are controlled from local controls located at the 68-ft elevation in 
the PAB. These pumps are normally idle but they start automatically on receipt of an SI 
signal. Once running, they have to be stopped locally.  

Testin! and Maintenance.  

"."Testing. The surveillance requirements for the component cooling water system are: 

" Tiie component cooling water pumps are tested each month to assure operability.  

" The ACCW pumps are tested each month to assure operability.  

Maintenance. System unavailability resulting from maintenance was quantified using 
data from the plant daily status reports (DSRs), shift supervisor (SS) log, and maintenance 
work requests (MWRs).  

Applicable Technical Specifications. The technical specifications require that the 
reactor shall not be brought above the cold shutdown condition unless: 

* Two CCW pumps, together with their associated piping and valves, are operable. (SOP
CC-1B is more onerous in that it requires three component cooling pumps to be operable 
before the reactor is brought above the cold shutdown condition.  

" Two ACCW pumps, one for each recirculation pump, together with their associated 
piping and valves, are operable.  

" Two CCW heat exchangers, together with their associated piping and valves, are 
operable.
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These requirements may be modified to allow limited operation with certain components 
inoperable: 

* One of the two "operabl e" CCW pumps may be out of service, provided the pump is 
restored to operable status within 24 hours.  

* Two ACCW pumps serving the same recirculation pump may be out of service, provided 
at least one is restored to operable status within 24 hours and at least one ACCW pump 
serving the other recirculation pump is demonstrated to be operable.  

" One CCW heat exchanger or other passive component may be out of service for a period 
not to exceed 48 hours, provided the system will still operate at design accident 
capability.  

If the CCW system cannot meet the technical specification requirements: 

" If the reactor is critical, it shall be in hot shutdown within four- hours and in cold 
shutdown within the following 24 hours.  

" If the reactor is subcritical, the reactor coolant system temperature and pressure shall not 
be increased by more than 25'F and 100 psi, respectively. Otherwise, the reactor shall be 
brought to cold shutdown utilizing normal operating procedures. The shutdown shall start 
within the 48 hours.  

Operator Interface. The CCW system is normally operating. Subsequent to initial 
system lineup, the operator maintains the CCW heat exchanger outlet temperatures between 72 
and 1 10'F by regulating service water valves SWAN-35-1 and SWN-35-2. Maintenance of the 
surge tank levels by adding primary water or draining excess inventory to the waste holdup 
tank, is performed as necessary. Should high temperature be sensed at any component 
serviced by CCW, the operator will be required to manipulate the system to increase CCW 
flow to the affected component. In addition, the operator verifies that the standby pump starts 
automatically in response to low system pressure. Should the standby pump not start 
automatically, the operator can start it manually. Should the CCW system leak, the operator 
must identify and isolate the leak.  

Model Description. The component cooling water system fault tree is constructed with a 
top event for each load. The top events are defined as "No/insufficient flow to ....  

" RHR pump 31 

" RHR pump 32 

" Recirculation pump 31 

" Recirculation pump 32
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. High head safety injection pump 31

m High head safety injection pump 32 

m High head safety injection pump 33 

* Reactor coolant pump 31 

m Reactor coolant pump 32 

m Reactor coolant pump 33 

m Reactor coolant pump 34 

m RHR heat exchanger 31 

m RHR heat exchanger 32.  

The fault tree model addresses component-level basic failure events, unavailability caused by 
testing and maintenance actions, and common-cause failures.  

Modeling Assumptions.  

[1] Component cooling water is not required to cool the RHR pump seals for 24 hours unless 
the RHR pumps are dead-headed. Should they be deadheaded, it was assumed that they 
can operate for only 1-3/4 hours without component cooling water.  

[2] The HHSI pumps are equipped with shaft mounted component cooling water pumps.  
Therefore failure of the CCW pumps alone will not preclude HHSI pump operation 
provided flow through the CCW system can occur--there is sufficient heat capacity in the 
CCW system to prevent the SI pumps from overheating.  

[3] Flow from either the normal or auxiliary CCW pumps is adequate to assure operation of 
the recirculation pumps during the recirculation phase of an accident or transient.  

[4] Loss of reactor coolant through the RCP thermal barriers is modeled as an interfacing 
system LOCA.  

[5] Prior to sump recirculation, a single CCW pump and a single CCW heat exchanger can 
remove all heat generated by essential operating components after a reactor trip. During 
sump recirculation, a single CCW pump and a single CCW heat exchanger suffice to 
remove adequate heat through the RHR heat exchanger provided the non-regenerative 
heat exchanger is not isolated. If the non-regenerative heat exchanger is not isolated, two 
CCW pumps and a single heat exchanger are required.
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[6] Two CCW pumps (31 and 32) are assumed to be operating prior to the initiating event.  

[7] The alignment of the city water back-up flow to RHR pump 31 was modeled.  

3.2.2.16 Main Boiler Feedwater System 

Function. The main boiler feedwater (MBFW) system supplies the steam generators with 
sufficient feedwater to replace water evolved as steam.  

System Description. Two turbine-driven MBFW pumps receive heated condensate from 
the condensate and heater drain systems and discharge it through check valves and motor
operated gate valves into a common header. The boiler feedwater pump turbine speeds are 
normally controlled from the CCR to maintain the feedwater header pressure necessary for 
proper operation of the steam generator feed regulation valves.  

The MBFW pumps are high capacity, single-stage, horizontally mounted centrifugal pumps.  
At full plant loads, they discharge 11,650 gpm of water to the steam generators. They have a 
seal water injection system and a turbine steam supply drain and vent system. A lube oil 
system lubricates both the pump and turbine. The steam generators provide steam to the 
pump turbines.  

The feedwater flows from the common header through three high-pressure feedwater heaters 
(36A/B/C) arranged in parallel. These heaters are horizontal, shell and tube, "U" tube heat 
exchangers. The three paths then recombine, leave the turbine hall, and cross the pipe bridge 
into the auxiliary boiler feedwater pump (ABFP) building. There the single feedwater line 
becomes a supply header to eight separate feed lines: four 30-in. main feedwater lines and 
four 6-in. low-flow bypass lines. The latter tap back into their corresponding main feedwater 
lines downstream of the main feedwater regulating valves but just before the main feedwater 
line enters containment.  

Each main feedwater line contains an inlet motor-operated isolation gate valve with an 
integral, valve-body-mounted, 1-1/2 in. bypass valve, a pneumatically operated regulating 
valve, and an outlet manually operated isolation valve.  

Each bypass line contains an inlet motor-operated isolation valve, a pneumatically operated 
regulating valve, and a manually operated isolation valve. Downstream of the position at 
which the bypass line joins the main feed line is a leading edge flow element, flow venturi, 
check valve, and a manually operated isolation valve.  

A schematic of the MBFW system is shown in Figure 3.2.2.40.
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Success Criteria. In this study, the MBFW system is used in a recovery action during a 
loss of decay heat removal scenario and the MBFW pumps were assumed to trip initially.  
Once the steam generators are depressurized below the condensate pump discharge head, the 
success criterion for the MBFW system requires that at least one steam generator receive an 
adequate supply of condensate to match reactor decay heat.  

Operation. In normal operation, both pumps operate to maintain steam generator 
inventory. In transients, the operator can restart the condensate pumps and feed the steam 
generators using the bypass feed regulating valves.  

Dependencies. The MBFW system receives water from the condensate system. Pump 
discharge MOVs 2-31 and 2-32 are powered by MCC-36A and 36B, respectively. The main 
and bypass feedwater regulating valves for steam generator 31 and 32 receive power from 
125-Vdc bus 31, the main and bypass feedwater regulating valves for steam generator 33 and 
34 are powered from 125-Vdc DP 32. The main and bypass regulating valves require 
instrument air and fail closed on loss of instrument air.  

The motor operators for the main feedwater line isolation valves are powered from MCC-311 
in the ABFP building.  

Instrumentation and Control. The main feedwater pneumatic flow regulating valves 
can be controlled in three modes: 

* AUTO. Valve controlled by the steam generator water level control system.  

" MANUAL REMOTE. Valve manually controlled by a flow controller mounted locally 
on flight panel FBF in the CCR.  

" MANUAL LOCAL. The air signal to the valve is controlled locally; the hand wheel is 
then used to lock the valve in this position. This mode of operation is to be used only 
during abnormal or emergency conditions under the direction of the shift supervisor.  

The low-flow bypass line regulating valve is controlled using a controller mounted on flight 
panel FBF in the CCR.  

The motor-operated main feedwater line isolation valves are operated by CLOSE/AUTO/ 
OPEN switches located at the bottom of supervisory panel SCF. However, the switches do 
not spring return to AUTO and the AUTO position serves no function at this time. Directly 
above each switch are red (open) and green (closed) position indicating lights controlled by 
limit switches placed on each valve.  

The feedwater regulating valves on both the main feedwater and low-flow bypass lines fail 
closed on:
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n Loss of instrument air

* Receipt of a safety injection signal 

* A reactor trip with RCS average temperature <554°F.  

A steam generator high-high level signal also closes its associated main and low-flow valves, 
and closes the MBFW pump discharge valves, which in turn trips the MBFW pumps.  

Testing and Maintenance. The MBFW system is normally operating. No surveillance 
tests relevant to this analysis are carried out during power operation. The MBFW check 
valves (5-1, 5-2, 5-3, and 5-4) are tested at cold shutdown to ensure closure.  

System unavailability resulting from maintenance was quantified using data from the plant 
daily status reports (DSRs), shift supervisor (SS) log, and maintenance work requests 
(MWRs).  

Applicable Technical Specifications. No technical specifications are explicitly related to 
the MBFW system.  

Operator Interface. During an ATWS event, the MBFW system will operate until the 
RCS average temperature falls below 554°F.  

On a reactor trip without safety injection, the operator will attempt to establish main feed 
flow using the low-flow bypass valves if all AFW pumps are unavailable.  

Model Description. The MBFW system fault tree was constructed with a top event 
"No/insufficient flow to all steam generators." 

Modeling Assumptions.  

[1] The MBFW system is initially in its normal full power configuration.  

[2] Upon reactor trip, the main feedwater regulating valves will close and the bypass line 
regulating valves will open.  

3.2.2.17 Condensate System 

Function. The primary purpose of the condensate system in normal operation is to-heat 
and transfer deaerated water from the condenser hot wells to the main boiler feed pump 
suctions. It also has numerous secondary functions. However, in this study the condensate 
system is considered only with respect to its role as a source of secondary cooling in recovery 
actions subsequent to a loss of main feedwater.
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System Description. The condensate system consists of three condensate pumps in 
parallel which are fed from a common 54-in. header that draws upon the six hot well 
waterbox sections. The condensate pumps are 8-stage, vertical centrifugal pumps rated at 
7860 gpm. They give 1150 ft of head at 1170 rpm. 3000-hp, 6.6-kV induction motors drive 
the pumps. One pump can discharge 9000 gpm (approximately 43 percent of maximum load) 
and two pumps can discharge 17,200 gpm (approximately 85 percent of maximum load).  
Three condensate pumps are required to operate the plant at full load.  

The pumps discharge to a 24-in. pump discharge header which branches into three strings of 
low-pressure heaters, and a recirculation line. A pneumatic flow control system senses flow 
from the steam jet air ejectors and attempts to maintain flow above 2500 gpm by throttling 
flow control valve FCV- 1120 and opening FCV- 1113 in the recirculation line. Most of the 
flow, however, enters three parallel sets of two turbine exhaust steam feedwater heaters in 
series (31A and 32A; 31B and 32B; 31C and 32C) located in the main condenser exhaust 
necks. The condensate flows then recombine before flowing to three additional parallel sets 
of three extraction steam feedwater heaters in series (33A, 34A and 35A; 33B, 34B and 35B; 
33C, 34C, and 35C) located on the 36 ft 9 in. elevation of the heater bay building. While the 
three 14-in. No. 31 and 32 heater string inlet and outlet pipes have isolation gate valves, 
because there is no isolation valve between pairs of feedwater heaters, both heaters must be 
taken out of service to conduct maintenance on one. A valved (CD- 11) 12-in. low-pressure 
bypass line is provided around the three sets of No. 31 and 32 feedwater heaters to maintain 
the flow to the main boiler feed pumps and downstream feedwater heaters when one set is 
removed from service.  

Two air-operated valves (LCV- 1158-1/2), connected in series, automatically deliver make-up 
from the condensate storage tank (CST) to the condenser hotwells on hotwell low level.  
When CST volume falls to 360,000 gal., both valves close to ensure the minimum inventory 
required by the AFW pumps is available.  

A schematic of the condensate system is shown in Figure 3.2.2.41.  

Success Criteria. The success criterion for the condensate system is that one of three 
condensate pumps provides adequate flow to one of four steam generators.  

Operation. The condensate system is normally operating but the pumps trip on 
overcurrent or undervoltage. Operator intervention is required to restart pumps in recovery 
actions.  

Dependencies. Condensate pump 31 is powered from 6.9-kV bus 1; pump 32 is powered 
from 6.9-kV bus 2; and pump 33 is powered from 6.9-kV bus 4. Flow control valves FCV
1120 and FCV-1 113 fail open on loss of instrument air. Valves AOV-518/519/520 require 
instrument air for operation. AOV-519 fails open on loss of instrument air; valves AOV-518 
and AOV-520 fail closed. Air-operated valves LCV-1158-1/2 fail closed on loss of 
instrument air.
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Figure 3.2.2.41 Condensate and Boiler Feed Pump Suction Schematic (Sheet 1 of 2)
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Instrumentation and Control. During the course of a loss-of-decay-heat-removal 
sequence the operator may attempt to re-establish flow to the steam generators using the 
condensate system. The controls for the condensate pumps are located on control room panel 
SCF.  

Testins! and Maintenance. The condensate system is normally operating; the 
surveillance tests do not make the system inoperable. Once a year the valves to the main 
condenser are verified to be in their correct position and that those valves normally closed are 
not experiencing gross leakage.  

Applicable Technical Specifications. The technical specifications require that the 
condensate storage tank contain a minimum of 360,000 gal. of water.  

Operator Interface. The operator interfaces with the condensate system by performing 
the initial system line-up and restarting at least one condensate pump to recover steam 
generator inventory. Should the MBFW system be unavailable, the operators must 
depressurize the steam generators.  

Model Description. The condensate system fault tree was constructed with a top event 
of "Insufficient decay heat removal via the condensate system." The fault tree models the 
causes of failures to deliver adequate flow to the steam generators. The fault tree model 
addresses component-level basic failure events, unavailabilities due to testing and maintenance 
actions and common-cause failure of the pumps.  

Modeling~ Assumptions.  

[1] The condensate system is aligned for normal full-power plant operation. However, 
because condensate system operation was modeled as a recovery action, all condensate 
pumps were assumed to be tripped when the operators attempt to establish condensate 
flow.  

[2] The models assume the use of the condensate system as a manually initiated recovery 
action.  

[3] Flow from one condensate pump is adequate for steam generator level control provided 
the reactor has tripped and at least one steam generator is depressurized below the 
condensate pump shut-off head.  

[4] The condensate booster pumps were assumed to be not required. Given secondary side 
depressurization, a single condensate pump can provide adequate flow to the steam 
generators.
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3.2.2.18 Safeeuards Actuation System

Function. The purpose of the safeguards actuation system is to start systems to mitigate 
the consequences of, and protect the general public from, fission product release occasioned 
by core damage or containment breach.  

System Description. The safeguards actuation system is installed on four racks in the 
central control room (CCR). Redundant multiple-channel transmitters in the plant monitor 
such parameters as pressurizer pressure, containment pressure, steam generator level, main 
steam pressure, reactor coolant temperature. Transmitter output signals are fed to the 
safeguards actuation racks in the CCR for processing. The processed signals are then applied 
to bistable relays which actuate output relays. The contacts of these output relays interface 
with plant control logic to align plant systems and components to achieve safe shutdown and 
start such engineered safety feature systems as high head/low head injection, auxiliary 
feedwater, and containment spray. The major safeguard actuation signals are safety injection 
(SI), containment isolation phases A and B, main steam isolation, containment spray, and 
auxiliary feedwater actuation.  

Simplified diagrams of the safeguards actuation system are presented in Figures 3.2.2.42 and 
3.2.2.43.  

Success Criteria. The safeguards actuation system is considered successful if its output 
relays operate properly when required.  

Operation. To assure operation while minimizing the probability of inadvertent 
actuation, multiple channel signal redundancy is required for safeguards actuation. An SI 
signal is generated by: 

m High steam flow, as dictated by turbine first stage pressure and indicated by one of two 
transmitters in two of the four main steam loops, coincident with two of four Tag 
temperature controllers processing signals from reactor coolant RTDs reading 542°F or 
lower or two main steam line pressure transmitters reading 616 psig or lower.  

This SI signal is engaged after a time delay of approximately 2 seconds.  

m Steam line differential pressure of 125 psig or more between one steam generator and two 
others.  

* Containment pressure above 3 psia as sensed by two of three transmitters.  

m Pressurizer pressure below 1720 psig, as sensed by two of three transmitters.
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SI is manually blocked during plant start-up. The block is automatically removed, however, 
when reactor pressure rises above 1880 psi.  

A containment isolation phase A signal is also generated when an SI signal is given. A 
containment spray system actuation signal (and containment isolation phase B signal) is 
generated upon indication of high-high containment pressure (approximately 22 psig) by both 
channels of two of three pressure transmitter loops.  

An auxiliary feedwater actuation signal is generated for motor-driven pumps by a low-low 
(8 percent) narrow-range level in at least one steam generator as indicated by a signal from at 
least two of its three level transmitters. For turbine-driven auxiliary feedwater pump 32, the 
actuation signal is generated by a low-low (8 percent) narrow-range level in at least two steam 
generators as indicated by a signal from at least two of three level transmitters in each steam 
generator. With the exception of containment pressure and pressurizer pressure block, bistable 
relays wired in a logic matrix configuration deenergize when their process setpoint is reached.  
Each channel has two bistable relays operating in parallel for train separation. Upon 
deenergizing their coils, the (b) contacts of the bistable relays will close energizing auxiliary 
relays which, in turn, energize the operating coil to set master latching relays for SI, 
containment spray, and containment isolation. Once set, these master latching relays can be 
reset by energizing their reset coils.  

Dependencies. Power to the safeguards actuation racks is provided by the 125-Vdc and 
118-Vac electric power systems. Power to energize auxiliary and master latching relays on 
trains A and B is provided by 125-Vdc distribution panel 31 and 34, respectively. Power to 
bistable relays for containment pressure, PC-948A/B/C, and low pressurizer pressure block, 
PC-455C, PC-456C, and PC-457C is provided by the 118-Vac electric power system 
instrument buses 32 and 33. These bistable relays energize to actuate and are tested with 
power from 118-Vac instrument bus 33.  

Instrumentation and Control. Containment pressure is sensed by transmitters PT
948A/B/C and PT-949A/B/C.  

Pressurizer level is sensed by transmitters LT-459, LT-460, and LT-461.  

Pressurizer pressure is sensed by transmitters PT-474, PT-455, PT-456, and PT-457.  

Reactor coolant temperature is sensed by RTDs TE-410A/B, TE-420A/B, TE-430A/B, and 
TE-440A/B.  

Main steam line flow is sensed by transmitters FT-419A/B, FT-429A/B, FT-439A/B, and FT
449A/B.  

Main steam line pressure is sensed by transmitters PT-419C, PT-429C, PT-439C, and PT
449C.
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Main steam line differential pressure is sensed by transmitters PT-419A/B/C, PT-429A/B/C, 
PT-439A/B/C, and PT-449A/B/C.  

Steam generator water level is sensed by transmitters LT-417A/B/C, LT-427A/B/C, LT
437A/B/C, and LT-447A/B/C.  

Main turbine first stage pressure is sensed by transmitters PT-419A/B.  

Testing and Maintenance. A functional test of the safeguards actuation system is 
performed monthly. In this test, one train is placed in the test mode to block its actuating 
external equipment while each bistable group is actuated in turn by pressing its test button to 
deenergize the bistable relays and illuminate a test lamp on the panel. A monthly 
containment pressure analog function test is also performed: the safety injection high and 
containment spray high-high containment pressure bistable relays are calibrated and tested.  

The containment isolation function is tested once each refueling cycle by placing the 
safeguards actuation system in the SI manual defeat mode. Turbine first-stage pressure 
transmitters are also calibrated.  

System unavailability resulting from maintenance was quantified using data from the plant 
daily status reports (DSRs), shift supervisor (SS) log, and maintenance work requests 
(MWRs).  

Applicable Technical Specifications. The reactor must be placed in hot shutdown, 
utilizing normal operating procedures, within 4 hours, and in cold shutdown within 24 hours 
if the following minimum number of channels are not operable: 

m Manual SI initiation: one 

m Containment pressure: two 

m Steam generator differential pressure: two for each steam line 

n Pressurizer pressure (if reactor coolant pressure is greater than 2000 psig): two 

* Steam flow and Tavg: one for each steam line 

m Containment spray manual actuation: two, because two switches must be actuated 
simultaneously.  

* Steam generator level: two for each steam generator. If this condition cannot be met, 
after 24 hours, reactor coolant temperature must be reduced below 350'F.  

No more than one channel of instrumentation can be made unavailable by testing at one time.
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Operator Interface. Operation of the safeguards actuation system is automatic and does 
not require operator action. The system is reset manually in the CCR.  

Model Description. The safeguards actuation system fault tree model has multiple top 
gates, each of which represents the failure of a specific safeguards actuation auxiliary relay.  
Because the safeguards actuation system is a support system, these top gates are transferred to 
individual latching relay circuit models in front-line system fault trees.  

Modeling Assumptions.  

[1] The independent random failure of each bistable relay and its associated transmitter was 
not modelled because it involves highly improbable multiple channel failure. Rather, 
such failures as common-cause failures, independent auxiliary relay failures, power 
supply, miscalibration, and failure to restore after testing were modelled.  

[2] Bistable relays are energized with power from the Foxboro analog transmitter racks.  
Failure of these racks was not modeled since most bistable relays, excepting containment 
and pressurizer pressure relays, fail in the actuated state. The probability of the 
containment and pressurizer relays failing to energize because of random power faults in 
the 118-Vac instrument buses is low.  

3.2.2.19 Emergency Diesel Generator Building Ventilation System 

Function. The .emergency diesel generator building heating and ventilation system 
provides an independent source of heating, ventilation and combustion air for the three 
emergency diesel generators.  

System Description. Each emergency diesel generator room.contains two 100 percent 
capacity, 35,000 cfm exhaust fans mounted on the south wall along with associated 
pneumatically-operated exhaust dampers. The north wall of each room has one large, three
section louver with separate pneumatic operators for each section. Each room also has two 
electric heaters for heating.  

A simplified diagram of the emergency diesel generator building ventilation system is 
presented in Figure 3.2.2.44.  

Success Criteria. Diesel generator ventilation is successful if, in each room in which the 
diesel generator is running, one inlet louver section is open with at least one exhaust fan 
running and its associated damper open.
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Operation. When a diesel generator starts, the center inlet louver section will 
automatically open to provide a supply of combustion air for the engine. This center section 
will fail open on loss of diesel generator starting air or electrical power to the actuator. When 
room temperature increases to 950F, its even-numbered fan will start and the associated 
exhaust damper will open. This fan will stop and its damper will close when the temperature 
falls below 850F. The odd numbered fan and its damper will start/open and stop/close at 
1 02'F and 970F, respectively. Left and right section inlet louvers will open upon fan start.  

Dependencies. Exhaust fans 314, 316, and 318 are powered and controlled by 480-V 
MCC-36A. Exhaust fans 315, 317, and 319 are powered and controlled by 480-V MCC-36B3.  
Exhaust fan dampers 314 and 315 are powered by 125 -Vdc power panel 33; dampers 316 and 
317 are controlled by 1 25-Vdc distribution panel 32; dampers 318 and 319 are controlled by 
1 25-Vdc distribution panel 31. Compressed air to operate inlet louvers and exhaust dampers 
is provided by the corresponding diesel generator starting air receiver.  

.Instrumentation and Control. 480-V MCC-36A/B have isolation switches to disconnect 
power to exhaust fans and sump pumps. In addition, each exhaust fan has a disconnect switch 
inside the diesel generator room. Temperature switches to start and stop each room exhaust 
fan are mounted in their respective pneumatic control panels.  

Testing and Maintenance. Whenever a diesel generator operates, a check is made to 
ensure that the diesel generator room temperature is below 100'F.  

Each week during winter months, a check is made to verify that inlet louvers and outlet 
dampers are closed (when exhaust fans are off). The diesel generator starting air receiver 
pressures are checked and the make-up capabilities of the air compressors are verified.  

System unavailability resulting from maintenance was quantified using data from the plant 
daily status reports (DSRs), shift supervisor (SS) log, and maintenance work requests 
(MWRs).  

Applicable Technical Specifications. No technical specifications apply directly to the 
diesel generator ventilation system.  

Operator Interface. Operation of the diesel generator ventilation system is automatic 
and requires no operator action. The system has no controls in the central control room.  

Model Description. Each diesel generator room was modeled separately with failure to 
provide ventilation as the top event. Each fault tree is transferred to an emergency diesel 
generator electric power system fault tree as a failure of room ventilation.  

Modelinz Assumptions.  

[1] Failure of room heaters was not modeled because the heat generated in the diesel 
generator room during normal plant operation precludes low temperatures.
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[2] Faults resulting in the failure of the diesel generator starting air supply system to open 
inlet louvers were not included in the model. The center section is designed to open on 
failure of air pressure. Failure of inlet louvers to provide enough air requires that all 
three louver sections in a room fail closed.  

3.2.2.20 Instrument Air System 

Function. The instrument air (IAS) system is a support system whose function is to 
provide high quality (i.e., oil and moisture free) compressed air to instruments, controls and 
actuators required for plant operation and shutdown. Components which require compressed 
gas to perform their intended functions have back-up nitrogen supplies.  

System Description. Typically, system operation depends upon plant air demand. Two 
compressors and one desiccant dryer tower train are usually in operation, one running 
continuously and the other cycling on demand. The third compressor operates to supply the 
conventional instrument air header. The standby compressor will start automatically on low 
supply header pressure.  

A simplified diagram of the instrument air system is presented in Figure 3.2.2.45.  

Success Criteria. The IAS supports operation of essential front line components.  
Therefore the system success criteria are defined as the delivery of adequate flow of clean dry 
air at the required pressure to the supported components. Because the front line components 
required for each accident sequence vary, so also will the success criteria for the IAS.  

Operation. The instrument air system consists of three compressors (31, 32, and 33).  
Air enters the two single stage essential compressors through an inlet filter and silencer. It 
discharges through an aftercooler moisture separator to the instrument air receiver. Normally 
one compressor runs continuously, loading and unloading to maintain receiver pressure 
between 100 and 1 10 psig. The stand-by compressor will cycle to maintain the receiver 
pressure between 95 and 110 psig. From the instrument air receiver, air passes through 
manual valves IA-6 and IA-436 in series. It enters the "heatless" desiccant dryer prefilters, 
dryer towers, and afterfilters.  

The heatless desiccant dryer operates as follows. Moist air enters the inlet valve assembly IA
632 where it is directed to either the right or left drying tower. While the air flows through 
the tower, moisture is absorbed onto the desiccant. After drying, the air flows through the 
outlet diverter valve LA-633. The majority of the air flows to the IA header. The remaining 
air flows through the off-line tower to regenerate the desiccant. The regeneration and drying 
cycles are controlled by timers and are switched approximately every 3 minutes. The dried 
air then passes through manual valve IA-437 where it joins the common discharge header.
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Figure 3.2.2.45 INSTRUMENT AIR SYSTEM SCHEMATIC (Page 1 o-F 4)



Heatless Desiccant Dryer 

2

INLET 62
o 

615 61C,..6 OPE 

A)15 SSEMBLTY-Z"62 

143 3416 FROM 

2- RECEIVER 

62120 232 

SAT -M . 3 A TML 62 3 2P 

D4VEREC COPEER DIVERER VALVEFILER 

---------------------------------------------------------------

Figure 3.2.2.45 INSTRUMENT AIR SYSTEM SCHEMATIC 

(Page 2 of 4)



0 
TO AFTERF[LTER SET

FROM REFRIGERANT 
DRYERS

F i gure 3.2.2.45 INSTRUMENT AIR SYSTEM SCHEMATIC

(Page 3 of 4)
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Part of the air flow leaving the receiver also enters the refrigerant dryer and main regenerative 
desiccant dryer. Two refrigerant dryers and a bypass line are installed in parallel. One 
refrigerant dryer is normally operating. Should the operating dryer flow path become 
clogged, pressure control valve PCV-1542 on the bypass line will automatically open to 
provide continued flow to the main regenerative dryer. The operator can then switch to the 
standby refrigerant dryer.  

After passing through the refrigerant dryer, air flows to the main regenerative dryer. This 
dryer operates similarly to the heatless dryer in that a timer controls the drying and 
regeneration cycles. The regenerative drying towers are swapped approximately every 8 
hours. In addition to the main regenerative dryer, a standby non-regenerative dryer is 
installed in parallel. Should the main dryer flow path become clogged, pressure control valve 
PCV- 1143 opens to allow flow through the standby dryer. The standby non-regenerative 
dryer can function for 4 to 6 hours. Pre-filters are installed upstream of the refrigerant dryers; 
after-filters are installed downstream of the main regenerative and non-regenerative desiccant 
dryers. Air flows through partially-open manual valve IA-438, where it joins the common 
discharge header.  

Instrument air for nuclear services passes through manual valve IA-52; air to the ABFP 
building and other outside services is directed through manual valves IA-5 and IA-53; 
instrument air to the vapor containment taps off the PAB header through manual valve IA-54
1 and IA-54-2, PCV-1228, and check valve IA-39. The air then passes through the 
containment penetration and manual valve IA-59 to the containment ring header.  

Dependencies. Instrument air compressors 31 and 32 receive power from 480-Vac 
distribution systems MCC-39 and MCC-34, respectively. Service water is supplied to the 
instrument air closed cooling heat exchangers to remove process heat.  

Instrumentation and Control. Instrument air compressors 31 and 32 are controlled 
locally in the switchgear room located on the 15-ft elevation of the control building. Status 
indication is provided on the SJF panel in the CCR. Each pump has a control switch with 
HAND, OFF, and AUTO positions. In HAND the compressor will run continuously with a 
suction valve unloader regulating compressor output to maintain between 100 and 110 psig in 
the air receiver. In AUTO, the compressor is in standby and will start and stop to maintain 
the pressure between 95 and 110 psig in the air receiver. Each IA compressor is designed to 

trip on high discharge air temperature (375°F) or on high outlet water temperature (150'F).  

Testing and Maintenance. The surveillance requirements for the IAS consist of monthly 
tests to assure system operability and tests made every 18 months to assure operability of the 
instrument air supply outboard containment isolation valve (PCV-1228).
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System unavailability resulting from maintenance was quantified using data from the plant 
daily status reports (DSRs), shift supervisor (SS) log, and maintenance work requests 
(MWRs).  

Applicable Technical Specifications. No technical specifications apply explicitly to the 
IAS. However there is a technical specification on the weld channel and penetration 
pressurization system.  

Operator Interface. The IAS is normally operating. Subsequent to initial system 
lineup, the operator monitors system operation. If any malfunctions occur within the IAS, the 
operator is instructed to implement off-normal operating procedure ONOP-IA-1 to restore 
instrument air.  

Model Description. The IAS fault tree was constructed with a top event for each plant 
structure which houses instrument-air-supported components modelled elsewhere in the IPE.  
The top events are defined as "No/insufficient instrument air flow to the": 

m Auxiliary boiler feedwater pump building 

a Primary auxiliary building 

m Vapor containment 

m Control room air conditioning equipment room 

The complete fault tree model addresses component-level basic failure events, unavailability 
caused by testing and maintenance actions, and common-cause failures.  

Modeling Assumptions.  

[1] Contamination of the instrument air supply by excessive moisture or corrosion products is 
assumed to result in elevated failure rates (0.1/demand) for supported end users.  

[2] The emergency make-up from the station air supply to the instrument air system was not 
modelled. However, this additional source of air does provide a potential recovery 
mechanism for certain instrument air failures.  

[3] Only one compressor is required to satisfy IA loads that prevail under accident 
conditions.  

[4] IA compressor 31 is assumed to be running in the HAND mode prior to the initiating 
event, with compressor 32 in AUTO. However, compressor 31 must still load/unload as 
necessary to maintain air pressure between 100 and 110 psig.
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[5] The heatless air dryer is assumed to pass most air, with refrigerant dryer 31 and the main 
regenerative dryer operating and outlet isolation valve IA-438 partially open.  

3.2.2.21 Control Building Heating and Ventilation System 

Function. The control building heating and ventilation system provides heating and 
ventilation in three control building areas; the 15-ft and 33-ft elevations, and the central 
control room (CCR) on the 53-ft elevation. Only ventilation to the 15-ft elevation switchgear 
room was modeled in this study. Major equipment located in the switchgear room includes 
the 6.9-kV/480-V station service transformers, 480-V switchgear 31 and 32, battery charger 
33, and instrument air compressors 31 and 32.  

System Description. Exhaust fans 33 and 34 ventilate the switchgear room, drawing in 
supply air through a fire damper and a motor-operated louver. The fans are each rated for 
25,000 cfm.  

Simplified diagrams of the control building heating and ventilation system are presented in 
Figures 3.2.2.46 and 3.2.2.47.  

Success Criteria. The success criterion for switchgear room ventilation is that ample 
cooling is provided to maintain operability of the modeled components--conservatively this 
criterion implies that both exhaust fans function.  

Operation. The capacity of each exhaust fan is sufficient to remove 50 percent of the 
design heat load while limiting the bulk average air temperature increase to 100F. Fire 
damper FD-9, above the doors between the turbine generator and the control buildings, is the 
primary source of supply air when exhaust fan 34 is started. Outside air drawn through 
motor-operated louver L-319 provides a second source of supply air when the louver opens 
and exhaust fan 33 is started.  

Dependencies. Power to CB ventilation fans is provided by 480-V MCC-39. Power to 
louver L-319 is provided by 120-Vac lighting panel LP-319.  

Instrumentation and Control. Two temperature switches are located in the switchgear 
room. Temperature switch 23-4 starts exhaust fan 34 when the room temperature rises to 
950F and stops it when the room temperature falls to 900 F. The temperature switch 

incorporated in louver L-319 opens the louver at 100°F and closes it at 950F. When louver L
319 opens fully, exhaust fan 33 will start automatically. Louver L-319 will close 
automatically should a fire protection system actuation signal be present. Each exhaust fan 
has an individual manual three position STOP/AUTO/START switch located on the 33-ft 
elevation of the control building.
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Testing and Maintenance. Periodic maintenance is performed as part of maintenance 
procedure FAN-002-VSS.  

Applicable Technical Specifications. No technical specifications apply to the system.  

Operator Interface. Operation of the control building ventilation system is automatic.  
While there are currently no controls or temperature indication in the CCR, a modification is 
being undertaken to provide a control room alarm for high ambient temperatures in the 15-ft 
elevation of the control building (switchgear room).  

Model Description. The fault tree models the failure of both exhaust fans to provide 
ventilation. The fault tree is transferred to the 480-Vac electric power system fault trees for 
each bus as a failure of switchgear room ventilation event.  

Modeling Assumptions.  

[1] Failure of heaters to function was not modeled because heat sources in the switchgear 
room will prevent line freezing or other failures.  

[2] Inadvertent room overheating resulting from heaters failing in an energized state was not 
modeled because each of the twenty sill-level heaters in the switchgear room has its own 
thermostat. The simultaneous failure of multiple heater controls required for switchgear 
room overheating is most unlikely.  

[3] Failure of 120-Vac lighting panel LP319 was modeled up to the failure of lighting 
transformer 32.  

[4] The failure rate for the temperature switches addresses the drifting of temperature 
settings. Because no performance tests or calibration are performed on these switches, 
their mission time was assumed to be the entire plant lifetime.  

3.2.2.22 Auxiliary Boiler Feedpump Building Ventilation System 

Function. The auxiliary boiler feedpump building (ABFPB) ventilation system removes 
heat generated by piping and components in the building. In the IPE, ventilation for the 18-ft 
elevation pump room was examined.  

System Description. The 18-ft elevation ABFPB pump room is ventilated by wall exhaust 
fans 311 and 312 with their associated outlet dampers, motor-operated inlet louver 314, and 
associated thermostats. The capacity of each fan is 5000 cfm. Figure 3.2.2.48 outlines the 
location of equipment in the room.  

Success Criterion. The success criterion for the ventilation system is that ample ventilation 
is provided to maintain operability of the three auxiliary feedwater pumps. Given that motor
driven pumps 31 and 33 are qualified for temperatures up to 1600 F and that the steam line
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isolation valves for turbine-driven pump 32 will close at 1 30'F, this success criterion is 
equivalent to a requirement that pump room temperature be maintained below 130'F.  
Calculations show that one wall exhaust fan will provide adequate ventilation with its outlet 
damper and the inlet louver open.  

Operation. When the ABFPB pump room temperature reaches 900F, the outlet damper 
for wall exhaust fan 311 will open, starting the fan. Louver L-3 14 will open upon fan start.  
Exhaust fan 311 will stop when the room temperature falls to 850 F. Outlet damper and wall 
exhaust fan 312 will open and start, respectively, when the temperature reaches 1000 F.  
Exhaust fan 312 will stop when the temperature falls to 950 F. When an exhaust fan stops, its 
associated louver closes.  

Interfaces and Dependencies. Power to the wall exhaust fans, the motor-operated outlet 
dampers and the inlet louver is provided by 120-Vac lighting panel LP324.  

Instrumentation and Control. Two thermostats mounted in the center of the room 
operate the outlet dampers and wall exhaust fans. A high temperature (1 200F) in the ABFP 
room will be alarmed in the CCR.  

Testing and Maintenance. Miscellaneous fan maintenance procedure FAN-005-VSS 
applies to this system. No specific test procedures apply.  

Applicable Technical Specifications ,No technical specifications apply to this system.  

Operator Interface. Operation of the ABFP building ventilation is automatic and does 
not require operator action. Procedures are currently being modified, however, to instruct the 
operator to open the roll-up garage door in the ABFP room on high ABFP room temperature 
(120-F).  

Model Description. A fault tree model was constructed with the loss of ventilation as 
the top gate. This gate transfers into by auxiliary feedwater system fault trees.  

Modeling~ Assumptions 

[1] Failure of heaters was not modeled because heat buildup in this area precludes freezing.  

[2] Development of the causes of loss of power from lighting panel LP324 was terminated at 
failure of lighting bus 33. Failure of the power supply to the lighting bus involve 
improbable multiple failures of transformers and circuit breakers.
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3.2.3 DEPENDENCIES

3.2.3.1 Scope 

This section addresses both dependent and subtle failures. Dependent failures are those 
failures that defeat the rdundancy or diversity employed to improve the availability of certain 
plant functions. They involve two types of relationships between components: 

* Explicit dependencies between components 

m Failure mechanisms that affect more than one component but which are not explicitly 
identified in the systems analysis.  

Explicit dependencies were included in the system fault tree models (Section 3.2.1). The 
other dependencies were addressed as common-cause failures--simultaneous failures or 
unavailabilities of more than one component as a result of some shared cause.  

Subtle failures are design-related failures that are not readily identified in the modeling 
process, but which have been observed or postulated to occur.  

3.2.3.2 Direct Functional Dependencies 

Dependencies that can be explicitly modeled are: 

m Initiating events--accident initiators, such as loss of offsite power or internal flooding, can 
affect the availability of more than one system. These dependencies were identified as 
part of the accident sequence delineation (Section 3.1).  

* Support system dependencies--the operation of front-line systems can directly or 
indirectly depend on support systems (e.g., electrical power, HVAC, instrument air, and 
cooling water). These dependencies are identified and explicitly modeled in the systems 
analysis (Section 3.2.1).  

* Shared equipment dependencies--components (e.g., ECCS actuation logic and instruments) 
shared by more than one system were identified and explicitly modeled in the systems 
analysis.  

m Human errors--the failure to respond according to procedures or to restore components to 
their proper state after testing and maintenance, and instrument miscalibration, can result 
in the failure or unavailability of more than one component or system. These 
dependencies were identified in the human reliability analysis and explicitly modeled in 
the systems and accident sequence analysis.
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As these failures can be explicitly modeled, they were not addressed as common-cause 
failures.  

3.2.3.3 Common-Cause Failures 

A common-cause failure is a simultaneous failure of equipment that results from a shared 
common cause. Such failures can greatly increase the calculated plant -damage frequency if 
the conditional probability for the common cause is high.  

A review of 1P3 maintenance work requests and licensee event reports (LERs) was conducted 
to search for significant common-cause events during power operation. No common-cause 
failures were identified.  

To account for potential common-cause failures,' redundant components were systematically 
examined. Possible common-cause failures were included in the system fault tree models at 
appropriate levels. Single event names were assigned in the fault tree to the failures together 
with a corresponding common-cause beta factor and failure probability. The common-cause 
failure methodology and beta factor guidelines presented in [13] were used. The common 
cause beta factor estimates from EPRI NP-3967 "Classification and Analysis of Reactor 
Operating Experience Dependent Events" [31] and other reports [9, 32, 33, 34, 35, 36, 37] 
were reviewed for their applicability for events involving two or more like-component failures 
(e.g., common-cause failure of two RHR pumps).- In modeling common-cause failures, 
particular emphasis was placed on the recently published EPRI database [36]. This database 
provides a more complete examination of component types susceptible to common-cause 
failures including motor-operated valves, pumps, diesel generators, HVAC fans, reactor trip 
breakers, relief valves, and check valves.  

Since no 1P3 common-cause failure data were available to provide plant-specific data, generic 
data were used for all common-cause failure probabilities. Common-cause failure 
probabilities were assumed to be represented by lognormal distributions, the data being 
provided as mean values with an error factor of 3.  

The guidelines for incorporating beta factors in the system fault tree models were: 

" Common-cause failures across system boundaries were not modeled unless there is actual 
evidence that such common-cause failures occur. This guideline eliminates numerous 
theoretically possible, but most unlikely, common-cause failures.  

" Within a system, common-cause failures occur only to redundant components and 
identical failure modes.  

The specific common-cause failure events included in the system fault trees are listed in Table 
3.3.4.1.
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3.2.3.4 Analysis of Subtle System Interactions

Subtle failures occur as a result of design-related inadequacies. That is, under abnormal 
conditions, a system or component may not respond as suggested by nominal design 
specifications. Subtle failures are generally specific to a particular design or installation, are 
not readily identifiable in the modeling process, and cannot be identified unless specifically 
explored. Specific subtle failures were identified in NUREG/CR-4550 [9]. These interactions 
were reviewed to determine their applicability to IP3.  

Diesel Generator Load Sequence Failures. The diesel generator load sequence system 
is a circuit designed to strip non-essential loads from the diesel generators following loss of 
offsite power (LOSP). While the circuit usually uses redundant trip relays to strip all loads 
following a LOSP, it may not have redundant means available to subsequently restore 
essential loads. In that case, failure of the load sequencing circuit could result in the 
common-cause failure of multiple systems following a LOSP.  

At IP3, an undervoltage on a 480-Vac safety bus or a safety injection (SI) logic signal can 
cause the emergency diesel system to start. IP3 uses a single set of relays per bus to strip the 
emergency power buses. Each load also has a time delay relay to reclose its circuit breaker to 
reload the diesel. With an SI signal, the automatic safeguards loading sequence will begin, 
once all three diesels have restored voltage. If undervoltage occurs on a safety bus in the 
absence of an SI signal, the non-safety injection loading is timed to commence after the 
normal. bus voltage has been restored by the respective diesel. In the event of a bus or diesel 
fault, loads fed from the associated bus will not be restored. However, the remaining loads 
on the unaffected buses meet minimum safeguards requirement.  

Bus Switching Logic Problems. The two subtle aspects of bus switching logic problems 
were previously discovered at a pressurized water reactor (PWR) plant: 

" A safety-related dc power supply was used to perform a bus switching operation in the 
switchyard, and safety-related loads were normally powered from the unit transformer 
rather than from offsite power 

" A safety-related ac bus was not powered directly by a diesel but relied on diesel
generated power from another bus via a breaker which closes only upon loss of offsite 
power.  

At IP3, the major source of ac power for 6.9-kV balance-of-plant buses is the main generator 
through the unit auxiliary transformer. 6.9-kV buses 5 and 6, however, receive offsite power 
from a dedicated 138-kV line through the station auxiliary transformer even when the 
generator is on line. These 6.9-kV buses can also be fed via the gas turbine 13.8-kV auto
transformer. Should the unit trip, 6.9-kV buses 1 to 4 will automatically switch to the 
138-kV offsite line through breakers connected to 6.9-kV buses 5 and 6. Should the transfer
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not occur, the emergency diesel generators will start and pick up the load on the 480-Vac 
buses. Breaker control power is supplied by the 125-Vdc system powered by station batteries.  
Because IP3 has four safety-related 480-Vac buses and three diesel generators, a bus-to-bus 

cross feed exists; bus 3A is not directly powered by a diesel, but is automatically tied in to 

bus 2A on loss of offsite power through the 2AT3A tie breaker--bus 2A and 3A comprise one 

bus for shutdown purposes.  

Pump Room Cooling. Three aspects of pump room cooling must be considered. First, 
should a room temperature signal be used to trip the pump on loss of room cooling, the 

pumps may be tripped, even though the maximum room temperature remains below the 

temperature for which a pump and its control circuits are qualified. Second, pump room 

coolers are often standby systems that actuate through a slave relay or thermostatic control on 

actuation of the pump. To ensure operation of the pump coolers, test procedures should 

verify the functioning of the entire actuation circuit. Finally, credit for opening pump room 

doors to cool the room on failure of the room cooler should only be taken after considering 
administrative controls and technical specifications that may prohibit such action.  

Although the first of these concerns does not apply to IP3--pumps are not tripped by room 

temperature switches--temperature switches are provided to isolate the steam supply to the 
turbine-driven auxiliary feedwater pump. A loss of HVAC to this room may therefore cause 
the steam supply isolation valves to close. However, the signal can be overridden if the 

pumps need to be started. The second concern does not apply directly to IP3. However, the 
control building, diesel generator building, and auxiliary boiler feedpump room HVAC 
systems were modeled in detail since their operation is required to prevent component failure 
or loss of intended function. The third concern was addressed in the identification and 
quantification of possible recovery actions.  

Voltage Droop. Not all LOSP events occur instantaneously--in some cases it has taken 
several minutes for offsite power to be totally lost. During this time, grid voltage or 
frequency "drooped" out of tolerance. This degraded condition may cause fuses to blow 
following subsequent power surges and breakers to open within systems normally powered by 
the grid. At one plant, breakers on normally operating service water pumps tripped open 
giving rise to the potential for a station blackout because the pumps are used to cool the 
diesel generators.  

At IP3, balance-of-plant equipment are normally powered by the unit generator and are not 
immediately affected by grid voltage droop. In addition, the 480-Vac safeguards buses are 

equipped with both undervoltage and degraded grid undervoltage protective relays to ensure 
that a reliable source of power is available to vital plant equipment. The undervoltage relays 
provide protection for situations in vhich bus voltage falls below 46 percent nominal for more 

than two seconds, indicating a problem with the normal power source. Should this occur, the 

affected bus would be stripped of its loads, the appropriate emergency diesel generator would 
start, essential loads would be sequenced back on to the bus and the "480V SAFEGUARDS 
BUS UNDERVOLTAGE" alarm would be received in the control room. Because sustained
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low voltage can cause motor windings to overheat, IP3 also utilizes degraded grid 
undervoltage relays. Potential damage of operating equipment is prevented by grid protection 
relays which trip the station service transformer supply under a degraded voltage condition. If 
voltage decreases to 92 percent of nominal for more than forty seconds, the degraded grid 
undervoltage relays will cause the same sequence of events as do the undervoltage relays.  

Terminal Blocks Inside Containment. A terminal block is located in an electrical 
junction box and is used to connect wire ends within a circuit. Many types of terminal blocks 
do not perform adequately in a steam environment: instrument errors can occur in circuits 
containing terminal blocks exposed to high-temperature (>212 0F) saturated steam. Such 
instrumentation failures might prevent ECCS actuation following loss of coolant accidents 
(LOCAs).  

In PWRs, while most of the major electrical portions of safety equipment are located outside 
containment, some safety-related terminal blocks are found inside. At IP3, containment 
terminal blocks are environmentally qualified - - terminal blocks were tested and verified by 
the manufacturer to survive design adverse containment conditions such as loss of coolant 
accidents (LOCAs). In these tests, it was noticed that some electrical leakage occurred which 
-could potentially affect instrument-related terminal blocks resulting in false readings.  
However, the emergency operating procedures (EOPs) make allowance for electrical leakage 
by providing different set point values for use with adverse containment conditions.  
Therefore, this subtle interaction was not perceived to be a problem at IP3.  

Isolation of All Feedwater Flow. Many PWRs have potential problems with steam 
generator isolation control systems that are designed to shut off all feedwater to the generator 
given low secondary pressure. It is therefore important to analyze whether the isolation 
control system can isolate both main and auxiliary feedwater from a depressurized steam 
generator and if a single, credible event exists to simultaneously depressurize all the steam 
generators.  

During a loss of feedwater transient at IP3, the operator is required to monitor level and feed 
flow indications, take manual control of the steam generator water level control system, and 
reopen the feedwater regulation valves. Should these actions fail, reactor power is reduced 
and all three auxiliary feedwater (AFW) pumps will start automatically. Feed flow is then 
provided to the steam generators automatically by motor-driven pumps 31 and 33 or manually 
by turbine-driven pump 32. The automatic initiation circuits for AFW pumps are powered 
from the emergency buses which were designed to prevent a single failure from resulting in 
loss of function. Also, failure of the automatic initiating signals will not impair manual 
actuation from the control room. This subtle interaction therefore does not pose a problem at 
IP3 since auxiliary feedwater and main feedwater are independent systems. No single credible 
event by which all steam generators could be depressurized was found.  

Alternative Core Cooling Systems. There are methods of core cooling which, although 
not safety-grade and generally not preferred, could be used to supply make-up water to the
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steam generator or reactor in emergency situations. For a system -o qualify as an alternative 

core cooling method during a transient, plant procedures must identify the system and 

adequately describe its use (operators should be trained in the procedures) and the system 

must be capable of establishing sufficient make-up to the steam generator or core in a timely 

fashion.  

At IP3, acceptable methods of alternative core cooling include use of the condensate pumps to 

provide make-up to the steam generators upon loss of heat sink and use of the charging 

pumps to provide high head injection into the vessel.  

Steam Binding of Auxiliary Feedwater (AFW) Pumps. Binding of AFW pumps as a 

result of steam leakage has been identified as a problem at some PWR plants. The position of 

motor-operated valves, the presence of common headers, and system testing procedures are 

important factors related to potential steam binding.  

There are three auxiliary feedwater pumps (AFWPs) at IP3. Two are motor-driven (AFW 

pumps 31 and 33) and one is turbine-driven (AFW pump 32). The two motor-driven pumps 

can each supply feedwater to two steam generators while the turbine-driven pump has supply 

capacity for all four. Back-leakage of relatively hot main feedwater through the auxiliary 

feedwater discharge check valves may result in steam binding of the pumps. At IP3, the 

operators periodically check for indications of high temperature in the discharge piping.  

However, since the potential for common-cause pump failures remains, this failure mode was 
included in the system model.  

Air Binding of Cooling Water Systems. The complete or partial failure of cooling 

water systems has occurred because of air binding caused by high pressure air leakage into the 

cooling path. The resulting loss of cooling can cause multiple system failure.  

At IP3, the instrument air system is cooled by two separate cooling water systems. The 

instrument air closed cooling water (IACCW) system provides cooling to instrument air 

compressors and aftercoolers 31 and 32 while the turbine building closed cooling water 

(TBCCW) system cools instrument air compressor and aftercooler 33 as well as providing 

bearing cooling to the condensate and heater drain pumps and concrete pedestal cooling for 

the main boiler feed pumps. Because these cooling systems are closed, no damage would 

result to the component cooling water (CCW) or service water (SW) systems should air enter 
the instrument air cooling system.  

Steam-Line Break Isolation Circuitry. Steam-driven systems usually have isolation 

circuitry to protect against steam-line breaks. This circuitry relies on temperature readings 

taken in locations containing the steam piping to indicate a line break; temperature 
measurements may be taken in all locations containing the steam piping. Therefore, when 

assessing the need for room cooling, cooling requirements must be examined for all areas 
where temperature measurements are taken.
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The engineered safeguards actuation system at IP3 will initiate a main steam line isolation 
signal on either a high containment pressure (>22 psig) signal or a high steam flow coincident 
with either a low average RCS temperature (<542 'F) or a low steam line pressure (<616 
psig). The high steam flow setpoint varies with turbine load and is triggered by a mismatch 
between the required steam flow for the turbine load and the actual steam flow. Should of a 
steam line rupture, the isolation valves and non-return check valves quickly interrupt steam 
flow in either direction thus preventing an uncontrolled blowdown from more than one steam 
generator.  

Temperature switches TC-1 112A/11 13A are provided in the auxiliary feedwater pump room 
to close steam supply isolation valves PCV-131OA/B on high room temperature. These valves 
isolate the main steam supply to the AFW turbine-driven pump should a steam line break.  
Isolation of the steam will limit the room to conditions for which it has been environmentally 
qualified. If necessary, the pump can be restarted by overriding the trip signal from the 
control room. Failures such as inadvertent closures of PCV-131OA/B and temperature 
switches TC- 1 12A/1 113A failing high were modeled.  

Passive Component Failures. System models include passive failure of valves to remain 
open (e.g., valve failure because of stem/disc separation or plugging). Pipe ruptures, however, 
were not generally considered in the system models except as potential special initiators such 
as loss of essential and nonessential service water or loss of component cooling water.  

Isolation of Nonessential Cooling Water Loads. Failure to isolate nonessential cooling 
water loads supplied by a header that also supplies important cooling loads can result in 
inadequate cooling of the essential loads. Therefore, care should be taken to determine the 
impact of potential diversion paths from support cooling systems.  

At IP3, emergency operating procedure ES-1.3 (transfer to cold recirculation) instructs the 
operator to isolate conventional loads cooled by nonessential service water. Also, if only one 
component cooling water pump is available, the operator is cautioned to isolate the 
nonregenerative heat exchanger to maintain adequate cooling to the residual heat removal heat 
exchanger. The failure of the operator to isolate conventional or non-essential loads was 
modeled in this study.  

Discharge Check Valve Failures for Cross-Tied Pumps. Should the discharge check 
valve in one train of a multi-train, cross-tied system fail open, various problems can result.  
These problems include functional failure of the system because of backflow, inability to 
actuate an idle pump because of the stuck-open valve, and system rupture from attempted 
actuation of an idle pump with a stuck-open valve.  

A past problem with the main boiler feed pump check valves was identified in a review of 
plant failure data. Two plant trips occurred because of check valve problems which caused 
backflow to the weaker pump and subsequent pump trip. The valves were repaired and the 
frequency with which preventive maintenance was performed on them was increased. Where
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applicable, this failure mode for cross-tied pumps was explicitly modeled in the system fault 
trees. The two trips were counted as T2 initiating events.  

System Failure Following Station Blackout. Past PRAs ha-ve treated failure modes 
pertaining to station blackout (SBO) very differently.  

At IP3, the failure of reactor coolant pump seals, battery depletion, reactor coolant system 
(RCS) integrity, secondary-side integrity, RCS cooldown and depressurization, auxiliary 
feedwater room heat-up and recovery of ac power are all phenomena related to station 
blackout that can adversely affect the capability to cool the reactor. These phenomena affect 
the timing of core damage and challenge containment integrity. They were addressed in detail 
in the evaluation of station blackout accidents.  

Dependent Events Based on Operating Experience. The problem of dependent and 
common-cause events has been the subject of much recent activity [31, 36]. While 
considerable controversy exists on how best to account for common-cause events, there is a 
consensus that models that do not specifically treat common-cause events are deficient. While 
it has been a frequent criticism that quantification of these events gives probabilities but not 
indications of how to improve plants, a review of the events described in EPRI NP-3967 [31], 
NUREG/CR-4550 [9] and EPRI TR-100382 [36] demonstrates that causes for most of these 
events are known.  

In this study, potential common-cause failures were included in system fault tree models for 
major components listed in the sources of data on common-cause failures. A full discussion 
of common-cause failures is presented in Section 3.2.3.3.  

Overfill of Steam Generators. Water carry-over from overfilled steam generators 
through the steam lines to the turbine can lead to a sequence involving successful initial 
response subsequently followed by a loss of the turbine-driven feedwater pump. The 
probability of this event varies according to the automatic or manual control actions required 
to prevent overfill.  

In the past, IP3 has experienced problems with overfilling of steam generators due to manual 
actions performed by the reactor operators in controlling the flow of the main boiler feed 
pumps. On occasion, the operators were unable to accurately adjust feedwater flow to 
compensate for changing plant conditions. As a result, IP3 installed an automatic control 
system to allow for precise regulation of the feedwater flow. This has been very effective in 
helping to control plant transients. Also, if two of three narrow range level transmitters on a 
steam generator (SG) indicate high level, a signal is sent to shut the main boiler feed pumps 
(MBFPs) motor operated discharge isolation valves. When these valves close, a signal is sent 
to trip the MBFPs to prevent overfilling of the SGs.  

Main Feedwater Availability Following Plant Trip. Feedwater availability after a plant 
reactor trip is highly plant-specific. The consequences of a loss of feedwater vary depending
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on whether the loss is total or partial and on the potential for recovery.

Most initiating events considered in this study cause the closure of main steam isolation 
valves (MSIV) or main feedwater regulating valves (MFRV) and subsequent unavailability of 
the turbine-driven main boiler feedwater pumps. This dependency is explicitly modeled in the 
event trees as loss of main feedwater (T2) and turbine trip with main feedwater initially 
available (T3) events. Where appropriate, recovery of the power conversion system, including 
the feedwater system, was also reflected in the models.  

Refill of Dry Steam Generators. The refilling of a dry steam generator with the 
addition of relatively cold feedwater could result in multiple steam generator tube ruptures 
(SGTR). Different PWRs appear to have different responses to this concern: at some plants it 
is administratively prohibited, but at other plants operators may still choose to refill.  

At IP3, the "response to steam generator low level" functional restoration procedure FR-H.5 
instructs the operator to attempt to establish auxiliary feedwater flow to the faulted (< 6 
percent narrow range level) steam generator at a rate not to exceed 100 gallons per minute per 
SG. This procedure is entered in from the heat sink critical safety function status tree on a 
yellow condition; signifying that operator action may eventually be needed. If all of the SGs 
are lost, the "loss of secondary heat sink" functional restoration procedure FR-H. 1, which is 
entered from a red condition on the heat sink critical safety function status tree signifying 
immediate operator action required, instructs the operator to establish auxiliary feedwater flow 
in at least one SG. But, a caution appears in the procedures which instructs the operator to 
isolate, any faulted steam generator if at least one unfaulted SG exists. In light of these 
procedures, the phenomenon of multiple tube ruptures and its consequences was modeled in 
this study.  

Main/Auxiliary Feedwater Commonalities. Some past PRAs have identified a number 
of areas in which failures of the main feedwater system can also affect the auxiliary feedwater 
system.  

The auxiliary feedwater (AFW) system at IP3 is designed to provide a dedicated and diverse 
source of feedwater immediately after a loss of main feedwater (MFW) and unit trip. The 
AFW system consists of two motor-driven pumps, each of which can feed two steam 
generators, and one turbine-driven pump, which can feed all four. Auxiliary feedwater is 
independent of main feedwater in that it has a separate path directly to the steam generators 
and no common valves. Also, there are two sources of water available to supply auxiliary 
feedwater. The primary water supply is the condensate storage tank (CST), a 600,000 gallon 
tank in which 360,000 gallons are reserved for AFW use. The only other function of the CST 
is to provide make-up to the condensate system. A 1,500,000 gallon back-up source of 
auxiliary feedwater is supplied by the city water system. As an added safety feature, a three 
bottle back-up supply of nitrogen is available should the instrument air system fail. The 
nitrogen can supply air to valves and pump turbine speed controls.
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Power Operated Relief Valves (PORV) Block Valve Closure. Many PWRs have 
experienced trouble with leakage through PORVs. To minimize plant unavailability and other 
effects of PORV leakage, many plants have operated with their block valves closed. In some 
cases, these block valves are closed more than eighty percent of the time during normal power 
operations. The unavailability of PORVs can result in a different characterization of plant 
sequences since a transient-induced loss of coolant accident (LOCA) is more likely to occur if 
the safety valves must lift because the PORVs are unavailable. PORV block valve closure 
will also impact anticipated transient without scram (ATWS) sequences and place greater 
demand on the success of bleed-and-feed operation.  

From plant operating experience, block valve closure was explicitly modeled in this study 
with the probability of closure during power operations being conservatively estimated as 
unity.  

Normal Operating Configuration. Discrepancies between plant documentation [e.g., 
piping and instrumentation diagrams, (P&IDs)] and actual operating practices and 
configurations can result in subtle system interactions. For example, the P&ID may show 
valves to be normally closed, whereas, during plant operation, they are actually open.  
Application of incorrect plant documentation could give erroneous results in event analyses 
and quantification.  

In this study, normal operating configurations and practices for all systems modeled were 
verified by plant walkdowns, personnel interviews, and reviews by plant staff. These checks 
ensured the most accurate representation of actual plant operating conditions, configuration, 
procedures, and practices.  

Locked Door DeDendencies. Locked door dependencies result in operators being unable 
to respond to accidents in time after certain accidents because doors are locked automatically 
by the plant security system. In particular, in the event of loss of power, some security doors 
fail in the closed position.  

At IP3, card key-access security doors have two back-up power sources--a dedicated set of 
batteries and a propane generator. Also, all essential plant personnel have the keys necessary 
to perform their required functions. Therefore, this type of interaction should present no 
significant problem at IP3.
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3.3 SEQUENCE QUANTIFICATION

3.3.1 INITIATING EVENT DATA 

Plant and generic initiating event data are presented in Table 3.3. 1. 1. Plant transient events 
were grouped into TI, T2, and T3 categories; no plant events are recorded for other categories 
of initiating events identified in Section 3.1. Plant trip data are for the period from August 
30, 1976, the date on which 1P3 commenced commercial operation, to December 31, 1992.  
Although a significant reduction in trip frequencies has been experienced since 1984 (Figure 
3.3.1.1), the data used reflect the full commercial operating life of the plant to ensure 
conservative estimates of core damage frequencies.  

Initiating event frequencies were calculated for most events by aggregating generic and plant 
data using a Bayesian process. Lacking other information about the prior distributions of 
generic data, lognormal distributions with an error factor of 10 were assumed for these data.  
It will be noted that the frequency calculated for T3 events is significantly less than that 
predicted by generic data. The reduction reflects improved plant performance since generic 
data were collected.  

Initiating event frequencies for interfacing system loss of coolant accident (ISLOCA), loss of 
component cooling water (TCCW), loss of service water system (TSWS) and loss of 
switchgear room cooling (TSWGR) events were obtained by quantifying fault trees that depict 
the causes of the events. Plant and generic data were used to derive component failure rates 
and unavailabilities in these fault trees.  

3.3.2 FAILURE AND UNAVAILABILITY DATA 

Failure data are required to quantify unavailabilities and the sequences of events that lead to 
core damage. These data include both point estimates and uncertainty measures for the 
component failure rates and demand probabilities included in the system models. Component 
failure data can be obtained from generic data bases, derived from industry-wide experience, 
or gleaned from 1P3 plant records. The acquisition of data is highly subjective, however, 
particularly as there is inevitably, and appropriately, a paucity of 1P3 plant data, and generic 
data may not be uniformly applicable to 1P3 system models.  

3.3.2.1 Generic Data 

Introduction. Generic data were gathered for component failure rates and demand 
probabilities. Plant-specific data were used for the unavailability of components occasioned 
by unscheduled and scheduled maintenance and tests. The data, developed specifically for the 
plant, are addressed in Section 3.3.2.3. The acquisition of the human-error data is discussed 
in Section 3.3.3. Generic failure data for the nuclear power industry are provided by various
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Table 3.3.1.1 Initiating Event Frequency Summary

Generic IP3 IP3 
Frequency Reference Frequency Events 

Transients: 
TI - LOSS OF OFFESTE POWER 0.087 [56] 0.068 1 

T2 - LOSS OF MAIN FEEDWATER 1.13 [161 1.11 17 

T3 - TURBINE TRIP WITH MAIN FEEDWATER INITIALLY AVAILABLE 7.17 [16] 3.60 55 

S p ecia l In itiato rs:.... .. .......  

TCCWS -LOSS OF COMPONENT COLING WATER i ~ iiiiiiiii 3.98E-04 ~~~~~~~~ 

TSWS - LOSS OF ESSENTIAL SERVICE WATER 2.05E-03 '~!i!iiiiiii ! iiiiiiiiiii 

TDC31 - LOSS OF 125VDC BUS 31 5.00E-03 [16] 3.00E-03 0 

TDC32 - LOSS OF 125VDC BUS 32 5.OOE-03 [16] 3.OOE-03 0 

TAC5A - LOSS OF 480VAC SAFEGUARD BUS 5A 5.00E-03 [16] 3.OOE-03 0 

TAC6A - LOSS OF 480VAC SAFEGUARD BUS 6A 5.OOE-03 [16] 3.OOE-03 0 

TSWGR - LOSS OF SWITCHGEAR ROOM COOLING 8.OOE-05G...  

T4 - MAIN STEAM LINE BREAK - INSIDE CONTAINMENT 2.16E-03 [4] 2.OOE-03 0 

T5 - MAIN STEAM LINE BREAK - OUTSIDE CONTAINMENT 2.16E-03 [4] 2.OOE-03 0 

T7 - STEAM GENERATOR TUBE RUPTURE 1.00E-02 [61 5.OOE-03 0 

R -VESSEL RUPTURE 1.00E-07 [6] 1.00E-07 0 

VA - INTERFACE LOCA (> 6") ............ 1.55E-08:.  

VS2 - INTERFACE LOCA (< 6") 2.1E-06 _.___ 

LOCAs: 

A - LARGE LOCA 5.00E-04 [16] 4.77E-04 0 

SI - INTERMEDIATE LOCA 1.00E-03 [16] 9.14E-04 0 

S2 - SMALL LOCA 1.00E-03 [16] 9.14E-04 0 

S3 - SMALL-SMALL LOCA I1.30E-02 [6] 6.OOE-03 0
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Figure 3.3.1.1 Trip Frequencies 
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NRC-sponsored studies and IEEE publications. The data presented rely on the requirement 
that utilities report certain failures of selected equipment. Unfortunately, this may mean that 
generic data bases sometimes do not include all component failures modeled in this study.  
Furthermore, the data provided may be incomplete if they lack accurate operating times and 
component demand information. A final problem with generic data is that data from different 
sources may be irreconcilable. In addition to the generic data sources, plant-specific data 
bases developed in other nuclear power plant PRAs were also used. While these plant data 
are not strictly generic, no distinction was made between them and generic data. Like generic 

data, they provide prior knowledge of the data that might be anticipated for 1P3; in any case, 
they must be distinguished from 1P3 plant data.  

While generic data clearly do not always apply, plant data cannot be relied upon exclusively 
since most components have experienced few failures, if any. Furthermore, even if a 

sufficient number of failures has occurred to make a statistically sound prediction of a failure 
rate, subsequent redesign or new equipment might well have rendered the prediction 
irrelevant.  

The approach adopted in developing component failure data in this study was that used in all 
recent PRAs: the data are composites of generic data, other plant data, and 1P3 plant-specific 
data, combined where appropriate by. Bayesian analysis to provide a quantitatively consistent 
representation of expected equipment performance at 1P3.  

Generic Data Sources. The sources of data reviewed and used in this study are listed in 
Table 3.3.2.1. These sources represent a substantial body of relevant generic data from 
previous PRAs and reports from such organizations as the NRC and IEEE.  

Data Requirements. Failure data are required for all components,. failure types, failure 
modes, and operating modes depicted in the system models. To ensure their compatibility 
with the generic data sources, the data required were compared with the data available from 

the generic data sources. Clearly, no purpose is served by modeling at a level of detail for 
which data are unavailable or at a level providing no further insights beyond those obtained 
with less detail. Conversely, the lumping together of components or their failures could waste 
data or obscure important information.  

The component failure data required for each component modeled comprised a failure rate 
distribution: an expected failure rate, or demand probability, and an error factor [a measure of 

uncertainty reflecting confidence in the expected value, defined as the ratio of the 95th 

percentile estimate to the 50th percentile (or median) estimate]. A lognormal distribution was 

chosen for its simplicity of use and application, and because it approximates well the observed 
variability in component failure rates.  

Assumptions and Approach. The values found for component failure rates or demand 
probabilities in the various sources of data are frequently inconsistent or significantly 
different.
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Table 3.3.2.1 

Sources of Generic and Other Non-Plant-Specific Failure Data 

WASH-1400 [17] 

IEEE-500, Guide to the Collection of Electrical, Electronic, Sensing Component, and 
Mechanical Equipment Reliability Data for Nuclear Power Generating Stations [39] 

ASEP Data Sources Listed in NUREG/CR-4550, Vol. 1, Rev. 1 [9] 

Surry IPE [5] 

Seabrook IPE [37] 

"Development of Transient Initiating Frequencies for Use in Probabilistic Risk 
Assessments," NUREG/CR-3862 [15] 

James A. FitzPatrick IPE [40] 

Indian Point Probabilistic Safety Study [4] 

"Evaluation of Station Blackout Accidents at Nuclear Power Plants," NUREG-1032 [20] 

"Reactor Coolant Pump Seal Performance Following a Loss Of All AC Power" [24] 

Interim Reliability Evaluation Program [41] 

Risk Method Integration Evaluation Program [42] 

Generic Component Failure Data Base for Light Water and Liquid Sodium Reactor PRAs 
[43]
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To obtain single values for this study, the values obtained from the various sources were first 

screened for their applicability-- ideally, the size, type, material, failure modes, environment 
and age of components for which generic data are provided would be similar to the plant 

components. In practice, however, a lack of specific documentation renders the elimination of 

many data difficult. If, after screening, several possible values remained, a single generic data 

source was selected for each component or failure mode according to the following criteria: 

" If there was a specific technical reason for selecting a specific source, that source was 
selected. For example, IEEE-500 provides a value for the failure of the generator in the 

emergency diesel-generator, while ASEP provides a value for driver and generator 
together. A value was required for the generator itself; hence, the IEEE-500 value was 
used.  

" If no single source was uniquely applicable, the source with the widest acceptance was 
selected (particularly if used in PRAs of units similar to 1P3). Thus, generic data from 
ASEP [9] were often used, simplifying the review of this study and its comparison with 
other PRAs. Data from various other generic data sources were not amalgamated 
because: 

- Data bases are not equally applicable or acceptable; if multiple sources are 
amalgamated, subjective weightings are necessarily imposed on the various data 

- Data bases often replicate one another 

- The merging of dissimilar data may have no meaning.  

If the mean value for a failure rate was not available, but a median value was, the mean was 
calculated from the median. While most sources of generic data provide a mean or median 
value for a failure rate distribution, not all provide error factors or ranges from which error 

factors can be calculated. In those cases, the 5th and 95th percentiles were assumed to 
represent the realistic bounds for expected or observed component failure rates or demand 
probabilities. Most distributions were assigned error factors of 3 to 10. These represent the 

variability in failure rates typical of operating component populations and can be applied to 
failures for which considerable generic or plant data are available.  

3.3.2.2 Plant-Specific Failure Data and Analysis 

Approach. The development of a plant-specific data base entailed: 

" Defining the scope of the data collection 

" Defining plant-specific data requirements
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" Using plant data sources in the collection, compilation, and systematic evaluation of 
component failure records, component demands, and hours operated by components.  

" Data analysis 

" Data aggregation.  

Both demand- and time-related failures were addressed. A demand-type failure is one in 
which a component fails to function on demand, no account being taken of elapsed time 
between demands. The demand failure probability (qd) can be expressed as: 

qd = Nf/Nd 

where Nf is the number of failures and Nd -the number of demands.  

A time-related failure is one in which the period over which the demands and failures occur is 
considered. The failure rate (r) can be expressed as: 

r--NIT 

where TT is the total exposure time (i.e., the time duration the component is operated or on 
standby).  

'Estimates of the numerators and denominators in the above equations were obtained in a 
comprehensive review of plant records. Parameters were calculated as described in the 
Interim Reliability Evaluation Procedures Guide [41].  

Defining the Scope of Data Analysis. The actual data-collection and compilation 
activities were limited to the data required for the study and to a distinct time period for 
which records are available. The review was restricted to records that represent current plant 
operations. The period, therefore, excludes the initial start-up and extended outages. For this 
study, the period extended from 1/1/85 to 12/31/91, inclusive.  

Plant-Specific Data Requirements. Component failure and operating data (i.e., 
component demands, operated hours, and hours in standby) were gathered for the components 
and failure modes included in the system logic models. While general component categories 
were established, the data collected were as detailed as possible so that they could be refined 
to reflect the requirements of the analysis as they evolved and because component operating 
characteristics, and therefore failure rates, depend on component type and system. Plant 
specific data assumptions and component boundaries are presented in Appendix E.  

To calculate plant-specific failure data, the following information was obtained from the plant 
records for each component modeled:
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m Failure history: failure modes, start and end times, descriptions, severity, and cause 

m Exposure history: operated hours, hours in standby, the number of actuation demands 
from operations, tests, and maintenance 

m Plant and system operating history: detailed histories of surveillance testing, operations, 
and maintenance.  

Plant Data Sources and Their Use. Data for the plant-specific failure data analysis 
cam-e from plant maintenance work requests (MWRs) (the principal source of component 
failure data), licensee event reports (LERs), significant occurrence reports (SORs), NPRDS 
failure reports, post-trip reviews, monthly reports (MRs), and daily summary reports (DSRs).: 
In addition, senior reactor operator (SRO) and shift supervisor (SS) logs provided the 
component, system and plant operating histories used to estimate component exposure data.  
Surveillance test (ST) procedures, performance test procedures (PTs), system operating 
procedures (SOPs), maintenance procedures, the P & IDs, and system descriptions, were also 
used. Discussions with maintenance staff and operators helped ensure that the data compiled 
reflect the actual component actuation and failure history and resolved uncertainties as to 
component functions and failure modes.  

A detailed description of plant information sources and their use in this study is provided in 
Appendix F.  

Data Analysis. The collected data resources were analyzed as follows: 

m Failure data in the failure records were encoded by time or demand dependency, failure 
severity, mode, and cause, using the nomenclature presented in Section 3.2.2. The 
summation of failures for a specified basic event was designated as "N;"--the number of 
observed failures.  

m Exposure times were determined for each component type based on reactor, system, and 
component operating history and ST, PT, operating hours, and maintenance histories.  
The cumulative exposure time ("TT") was determined for each component.  

m Demand spectra were determined for each component type using reactor start-up and 
shutdown information, STs, PTs, operating and maintenance demands, and operator input.  
The cumulative number of demands was designated as "Nd" for each component.  

The failure records were then compiled into one table in preparation for data aggregation.  
The failure records were sorted by system, so that plant-specific failure data could be 
calculated for each system.  

Data Agregation. Data aggregation followed data analysis. Data aggregation involved 
the Bayesian update of data for which both generic and plant data are available, using the
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generic failure rates or demand probabilities as prior distributions [44,45,46]. For components 
and failure modes for which no plant data were available, the data reported are generic.  

The main purpose of Bayesian updating is to ensure that basic event data reflect both generic 
and plant-specific experience. It offers a rational and consistent means for combining 
multiple sources of information to provide new estimates and uncertainty factors that may 
then be employed to establish estimates and uncertainty bounds for the risk assessment. If 
plant data support the generic data represented in a prior distribution, the posterior distribution 
encompassing both plant and generic data should provide increased confidence in the data 
represented by the prior model. Conversely, if the data do not support the hypothesis of the 
prior model, the posterior model will reflect a weighted consideration of both the prior 
assessment and the current data. If a large sample of plant data is available, these data will 
dominate the generic data and the results of the Bayesian analysis will closely match plant 
experience. Conversely, if plant data are sparse, the generic data will dominate.  

The first step in Bayesian updating was to ensure that the data to be merged address the same 
failure types and modes. For example, plant-specific demand data were not merged with 
generic failure-rate data; instead, one of the data sets was transformed into a form congruent 
with the other. Generic failure-rate data were translated into demand-type data if the exposure 
time per demand was known. This information was generally available from the plant data 
analysis records.  

The Bayesian update algorithm provided results in a format suitable for the uncertainty 
analysis program. The Bayesian update program utilized lognormal, gamma and beta 
distributions and requires the input of an estimate and an error factor. It yielded both an 
updated estimate and error factor.  

3.3.2.3 Unavailability During~ Test and Maintenance 

Unavailability resulting from unscheduled tests and maintenance was quantified using a 
descriptive statistic: the ratio of downtime to the time the component should have been 
available. A measure of the statistical uncertainty caused by the underlying stochastic 
processes of failure and repair was obtained by examining the variation of this measure from 
year to year, thus producing an empirical distribution for the unavailability. Unavailability 
was defined as: 

Unavailability downtime - outage time 
total project time - outage time 

Scheduled testing of equipment was included in the models only if ii contributed to significant 
loop or system unavailability during power operations. The unavailabilities of individual 
components were calculated using actual data rather than pooled data for the system because 
actual data may reflect real differences between trains and components that would be lost if
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pooled data were used.

The main sources of data for calculating maintenance unavailability were the DSRs, the ST 
histories, and the MWR data base. The assumptions used during the unavailability analysis 
are listed in Appendix E. The DSRs falling within the project analysis time frame were 
reviewed, and information on the downtime of the analyzed systems was recorded. This 
downtime included that caused by unscheduled tests and maintenance. Refueling periods were 
determined from the SS logs, and system unavailabilities were then calculated for the modeled 
systems.  

3.3.2.4 Data 

A sample of the generic data for various components is presented in Table 3.3.2.3. A sample 
of the final failure rate and demand probability data is shown in Table 3.3.2.4. Similarly, an 
example of the system unavailability data is shown in Table 3.3.2.5. The full set of data is 
presented in Appendix G.  

3.3.2.5 Uncertainty 

The uncertainty in component failure rate and demand probability and system unavailability 
data is characteristic of the statistical uncertainty of the plant-specific data and those factors 
that may affect component failures in the various uses and environments from which the 
generic data have been gathered. The two sources of uncertainty in generic data--applicability 
and inherent variability--are discussed in Section 3.3.2. 1. They are addressed by screening the 
data sources and by providing error factors as well as "expected'" (mean) values for the data.  

A major source of error in plant data is the inadvertent omission of some component failures 
and exposure data. However, because a conscientious effort was made by experienced 
personnel to ensure that the plant data base be as full and reasonable as possible, the data base 
is as good as is reasonably achievable.
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Table 3.3.2.2 Sample of Generic Failure Data 

COMPONENT FAILURE MEAN ERROR 
TYPE MODE DESCRIPTION VALUE FACTOR UNIT 

MDP FS MOTOR DRIVEN PUMP FAILS TO 3.OOE-03 10 D 

START ON DEMAND 

MDP RS MOTOR DRIVEN PUMP FAILS TO 1.50E-03 10 D 

RESTART ON DEMAND 

MDP FR MOTOR DRIVEN PUMP FAILS TO 3.OOE-05 10 H 
CONTINUE TO RUN 

MDP LK MOTOR DRIVEN PUMP FAILURE 

BECAUSE OF RCS OVERPRESSURE 

SDP DN SHAFT DRIVEN PUMP DOES NOT 

OPERATE 

TDP FS TURBINE DRIVEN PUM FAILS TO 3.OOE-02 10 D 

START ON DEMAND 

TDP FR TURBINE DRIVEN PUMP FAILS TO 5.OOE-03 10 H 

CONTINUE TO RUN 

ENG FS EMERGENCY DIESEL ENGINE FAILS 3.OOE-02 10 D 

TO START 

ENG FR EMERGENCY DIESEL ENGINE FAILS 2.OOE-03 10 H 
TO RUN 

FCU FS FAN COOLING UNIT (FCU) FAILS TO 1.OOE-02 5 D 
START 

FCU FR FAN COOLING UNIT (FCU) FAILS TO 1.00E-05 10 H 
CMP FS INSTRUMENT AIR COMPRESSOR FAILS 3.29E-03 7 

TO START 

CMP FR INSTRUMENT AIR COMPRESSOR FAILS 5.42E-04 H 
TO RUN 

FAN FR VENT FAN FAILS TO CONTINUE TO 3.OOE-05 10 H 
FAN FS VENT FAN FAILj TO START ON 5.OOE-03 5 D 

AOD CC AIR OPERATED DAMPERJLOUVER 1.52E-03 3 D 
FAILS TO OPEN 

PND CC FAN COOLING UNIT (FCU) DAMPER 1.81E-02 D 
FAILS TO OPEN 

PND 00 FAN COOLING UNIT (FCU) DAMPER 1.81E-02 D 
FAILS TO CLOSE 

PND OC FAN COOLING UNIT (FCU) DAMPER 1.25E-07 H 
FAILS TO REMAIN OPEN 

DOR CC FAN COOLING UNIT BLOW-IN DOOR 1.07E-07 10 H 
FAILS TO OPEN 

CKV CC CHECK VALVE FAILS TO OPEN 1.OOE-04 3 D
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Table 3.3.2.3 Sample of Plant-Specific Failure Data 

SYSTEM COMPONENT TYPE FAILURE DESCRIPTION MEAN VALUE ERROR FACTOR 
MODE 

ACO BAC ST BUS FAULT 4.88E-07 3 

ACO CRB CO CIRCUIT BREAKER (480V & 13.8KV) FAILS TO REMAIN CLOSED 2.78E-07 10 

ACO DSW CO MOD SWITCH FAILS TO REMAIN CLOSED 8.30E-07 10 

ACO RCK NO CONTROL CIRCUIT NO OUTPUT 2.50E-03 10 
...........................  

ACI BAC ST BUS FAULT 4.77E-07 3 

AC I INV HW STATIC INVERTER HARDWARE FAILURE 9.27E-06 3 

ACI SBR CO CIRCUIT BREAKER FAILS TO REMAIN CLOSED (118V AC) 2.68E-07 7 

ACI SBR DN CIRCUIT BREAKER DOES NOT OPERATE PROPERLY (I 18VAC) 2.27E-04 10 

ACI XFR HW TRANSFORMER HARDWARE FAILURE 3.86E-07 10 

.. A.C.R.ERAXSICFALCOE.....0 

AC4 ASW Cc BREAKER AUX SWITCH FAIL CLOSED 3.0E-07 10 

AC4 ASW CO BREAKER AUX SWITCH FAILS TO REMAIN CLOSED 1.30E-07 10 
AC4 ASW OC BREAKER AUX SWITCH FAILS TO REMAIN OPEN 2.50E-07 10 

AC4 BAC ST BUS FAULT 4.41E-07 3 

AC4 CRB CC CIRCUIT BREAKER FAILS TO TRIP (6.9KV & 480V) 4.27E-04 2 

AC4 CRB CO CIRCUIT BREAKER FAILS TO REMAIN CLOSED (13.8KV & 480V) 1.60E-07 10 

AC4 CRB OC CIRCUIT BREAKER FAILS TO REMAIN TRIP (480V) 2.59E-07 10 

AC4 CRB 00 CIRCUIT BREAKER FAILS TO CLOSE (6.9KV & 480V) 4.27E-04 2 

AC4 FUS NO FUSES BLOWN 7.17E-07 10 

AC4 MSW CO MANUAL SWITCH DOES NOT OPERATE PROPERLY 3.OOE-05 10 

AC4 PRY HW PROTECTIVE RELAY HARDWARE FAILURE 3.20E-07 10 

AC4 PTR HW POTENTIAL TRANSFORMER HARDWARE FAILURE 6.99E-07 10 

AC4 RCI FE RELAY COIL DOES NOT ENERGIZE 1.30E-04 3 

AC4 RCK NO CONTROL CIRCUIT NO OUTPUT 2.50E-03 10 

AC4 RCS CC RELAY FAILS TO OPEN 1.80E-04 10 

AC4 RCS CO RELAY FAILS TO REMAIN CLOSED 2.70E-07 10 

AC4 RCS OC RELAY FAILS TO REMAIN OPEN 4.20E-07 10 

AC4 RCS 00 RELAY FAILS TO CLOSE 3.00E-04 10 

AC4 XFR HW TRANSFORMER HARDWARE FAILURE 4.85E-07 10 

.. AWC.RAE.USWTHFICLSD....1 

AC6 ASW Cc BREAKER AUX SWITCH FAIL CLOSED 3.20E-07 10 
AC6 ASW CO BREAKER AUX SWITCH FAILS TO REMAIN CLOSED 2.21E-07 10 

AC6 BAC ST BUS FAULT 4.66E-07 3 

AC6 CRB CC CIRCUIT BREAKER FAILS TO TRIP (6.9KV & 480V) 3.62E-04 10 

AC6 CRB CO CIRCUIT BREAKER FAILS TO REMAIN CLOSED (13.8KV & 480V) 2.03E-07 10 

AC6 CRB 00 CIRCUIT BREAKER FAILS TO CLOSE (6.9KV & 480V) 3.34E-04 10 

AC6 FUS NO FUSES BLOWN 7.17E-07 10 

AC6 PRY HW PROTECTIVE RELAY HARDWARE FAILURE 3.20E-07 10 

AC6 PTR HW POTENTIAL TRANSFORMER HARDWARE FAILURE 6.99E-07 10 

AC6 RCI FE RELAY COIL DOES NOT ENERGIZE 1.30E-04 3 

AC6 RCS OC RELAY FAILS TO REMAIN OPEN 4.20E-07 10 

AC6 RCS 00 RELAY FAILS TO CLOSE 3.OOE-04 10 

AC6 RLY NO RELAY NO OUTPUT 3.00E-04 10
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Table 3.3.2.4 Sample of Maintenance Unavailability Data

FAULT 
TREEEVENT NAME COMPONENT UNAVAILABILITY

ACO-MAI-MA-13831 

ACO-MAI-MA- 13832 
ACC-MAI'-MA-PM31 

ACC-MAI-MA-PM32 

ACC-MAI-MA-PM33 

ACC-MAI-MA-PM34 

AFW-MAI-MA-31VLV 

AFW-MAI-MA-32VLV 

AFW-MAI-MA-33VLV 

AFW-MAI-MA-PM31 

AFW-MAI-MA-PM33 

AFW-MAI-MA-TDP32 

CCW-MAI-MA-PM33 

CFC-MAI-MA-FCU31 

CFC-MAI-MA-FCU32 

CFC-MAI-MA-FCU33 

CFC-MAI-MA-FCU34 

CFC-MAI-MA-FCU35 
CSS-MAI-MA-PM31 

CSS-MAI-MA-PM32 
CVC-MAI-MA- 1IOAB 

*AMAI-MA-BPM31 
-MAI-MA-BPM32 

CVC-MAI-MA-MV333 

CVC-MAI-MA-PM32 

CVC-MAI-MA-PM33 

CVC-MAI-MA-RWST 

DCI -MAI-MA-BCC31 

DC 1 -MAI-MA-BCC32 

DCI -MAI-MA-BCC33 
EDG-MAI-MA-EDG31 
EDG-MAI-MA-EDG32 

EDG-MAI-MA-EDG33 
HIl-MAI-MA-MDP31 

HHI-MAI-MA-MDP31 

HHI-MAI-MA-MDP31 

HHI-MAI-MA-MDP31 

HHI-MAI-MA-MDP31 
HHI-MAI-MA-MDP31 

HHI-MAI-MA-MDP32 

HHI-MAI-MA-MDP32 

HHI-MAI-MA-MDP32 

HHI-MAI-MA-MDP32 

HHI-MAI-MA-MDP32 

HUHI-MAI-MA-MDP32 

HI-MAI-MA-MDP33 

HHI-MAI-MA-MDP33 

£MAI-MA-MDP33 

MAI-MA-MDP33 
#,-MAI-MA-MDP33

ACO 

ACO 
ACC 
ACC 
ACC 
ACC 
AFW 

AFW 
AFW 

AFW 

AFW 

AFW 

ACC 
CFC 
CFC 

CFC 
CFC 

CFC 
CSI 

CSI 
BORA 

BORA 
BORA 
BORA 

BORA 

BORA 
BORA 

125VD 

125VD 
125VD 

DG31 

DG32 

DG33 

HLRIR 

HPRER 

HPIL 

HPRIR 

HPIS 

HLRER 

HLRIR 

HPRER 

HPIL 

HPRIR 

HPIS 

HLRER 
HLRIR 

HPRER 

HPIL 

HPRIR 

HPIS

138KV LINE 95331 

138KV LINE 95332 

AUXILIARY COMPONENT COOLING PUMP 31 

AUXILIARY COMPONENT COOLING PUMP 32 
AUXILIARY COMPONENT COOLING PUMP 33 
AUXILIARY COMPONENT COOLING PUMP 34 
31 AUXILIARY FEEDWATER PUMP VALVE PATH 
32 AUXILIARY FEEDWATER PUMP VALVE PATH 
33 AUXILIARY FEEDWATER PUMP VALVE PATH 
AUXILIARY FEEDWATER PUMP 31 

AUXILIARY FEEDWATER PUMP 33 

AUXILIARY FEEDWATER PUMP 32 

COMPONENT COOLING WATER PUMP 33 
FAN COOLER UNIT 31 

FAN COOLER UNIT 32 

FAN COOLER UNIT 33 

FAN COOLER UNIT 34 

FAN COOLER UNIT 35 

CONTAINMENT SPRAY PUMP 31 
CONTAINMENT SPRAY PUMP 32 

BORATION PATH VIA CH-I IOA/B 

BORIC ACID TRANSFER PUMP 31 
BORIC ACID TRANSFER PUMP 32 

BORATION PATH VIA CH-MOV-333 

CHARGING PUMP 32 

CHARGING PUMP 33 
BORATION PATH VIA RWST 

125V BATTERY CHARGER 31 
125V BATTERY CHARGER 32 
125V BATTERY CHARGER 33 

EMERGENCY DIESEL GENERATOR 31 

EMERGENCY DIESEL GENERATOR 32 
EMERGENCY DIESEL GENERATOR 33 

HIGH HEAD SAFETY INJECTION PUMP 31 
HIGH HEAD SAFETY INJECTION PUMP 31 
HIGH HEAD SAFETY INJECTION PUMP 31 
HIGH HEAD SAFETY INJECTION PUMP 31 

HIGH HEAD SAFETY INJECTION PUMP 31 

HIGH HEAD SAFETY INJECTION PUMP 31 
HIGH HEAD SAFETY INJECTION PUMP 32 
HIGH HEAD SAFETY INJECTION PUMP 32 
HIGH HEAD SAFETY INJECTION PUMP 32 
HIGH HEAD SAFETY INJECTION PUMP 32 

HIGH HEAD SAFETY INJECTION PUMP 32 
HIGH HEAD SAFETY INJECTION PUMP 32 
HIGH HEAD SAFETY INJECTION PUMP 33 
HIGH HEAD SAFETY INJECTION PUMP 33 
HIGH HEAD SAFETY INJECTION PUMP 33 
HIGH HEAD SAFETY INJECTION PUMP 33 

HIGH HEAD SAFETY INJECTION PUMP 33
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1.37E-03 

1.3 1E-02 

1. 1OE-03 
5.19E-03 

8.87E-04 

9.08E-04 

9.19E-05 

1.07E-04 

2.30E-04 

5.14E-03 

3.22E-03 

5.33E-03 

3.7 1E-02 

8.13E-03 

3.96E-03 

1.96E-03 

2.86E-03 

2.67E-03 

2.5 1E-03 

1.11 E-03 

5.52E-04 

4.97E-03 

6.87E-03 

9.88E-04 

8.25E-02 

8.64E-02 

3.22E-03 

9.64E-03 

3.OOE-03 

1.74E-03 

3.02E-02 

2.92E-02 

2.3 1E-02 

1.73E-03 

1.73E-03 

1.73E-03 

1.73E-03 

1.73E-03 

1.73E-03 

1.85E-03 
1.85E-03 
1.85E-03 

1.85E-03 

1.85E-03 
1.85E-03 

1.09E-03 
1.09E-03 

1.09E-03 

I .09E-03 

1.09E-03



3.3.3 HUMAN FAILURE DATA

Human errors may make significant contributions to system unaxailability and the failure of 
post-accident response and recovery actions. This section addresses potential human errors 
and describes the human reliability analysis (JRA) methodology used to identify and quantify 
them.  

3.3.3.1 Methodology 

The HRA was performed to identify all critical human actions, at both the system and plant 
response levels, and to derive human error probabilities (HEPs) for these actions. Critical 
human actions were identified in developing system fault tree and event tree models by 
reviewing administrative, operating, maintenance, and surveillance and performance test 
procedures pertinent to operations or equipment modeled in this study. Interviews with 
cognizant plant personnel were conducted to identify human errors omitted from the initial 
analysis. In addition, significant occurrence reports (SORs), licensee event reports (LERs).  
and deviation event reports (DERs), in which events were attributed to human error were 
reviewed to identify other error mechanisms.  

Human actions that initiate accident sequences were not addressed in the human reliability 
analysis. Rather, these actions were accounted for in the initiating event frequencies. Other 
human errors were divided into pre- and post-accident errors. -For pre-accident human errors, 
a best-estimate quantification was performed. For post-accident human errors, conservative 
screening values of 1.0 or 0.1 were used in initial accident sequence quantification. A 
detailed analysis was then performed for human actions which appeared in accident sequences 
with a frequency greater 10-6/yr.  

The methodology used to perform the human reliability analysis (HRA) is based primarily on 
the Accident -Sequence Evaluation Program Human Reliability Analysis Procedure (ASEP 
HRAP), NUREG/CR-4772 [14]. Where limitations of the ASEP HRAP were encountered or 
where more detailed analysis was required, the Handbook of Human Reliability Analysis, 
NUREG/CR-1278 [47], was used.  

3.3.3.2 Pre-Accident Human Actions 

Pre-accident human actions involve routine activities performed by operations, instrumentation 
and control (I&C), and maintenance personnel during non-accident conditions. Actions that 
can inadvertently disable safety equipment needed for accident mitigation were modeled in the 
systems analyses as contributors to train or system unavailability. An example of such an 
action is the failure to re-open a pump suction or discharge valve after pump maintenance.  
Errors in component maintenance (e.g., incorrectly repacking a valve) were not included in 
the HRA because these errors were assumed to be included in the failure rates for the
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components.

Ouantification of Pre-Accident Human Actions. Pre-accident HEPs were assessed 
using conservative generic estimates from the ASEP HRAP and modifying the HEPs through 
evaluation of procedures, system walkdowns, and talk-throughs with operations and I&C 
personnel. The talk-throughs were conducted to evaluate the implementation of tagging 
procedures, the restoration of components, and the independent verifications that follow 
testing and maintenance. Reviews of procedures and system walkdowns provided insights 
into the quality and effectiveness of procedures, the adequacy of labels, the demands imposed 
,by radiation protection requirements, etc. The ASEP HRAP assigns a nominal median human 
error probability (HEP) of 0.03 for failing to perform a critical action associated with a pre
accident task. This value comprises an HEP of 0.02 for an error of omission (EOM) and 0.01 
for an error of commission (ECOM) by the original performer. To address error recovery, 
four recovery mechanisms were accounted for: post-maintenance tests, independent 
verification, checks performed each day or shift, and control room annunciation. A recovery 
factor of 0.01 was used for post-maintenance tests and 0.1 for independent verification.  
However, when both a post-maintenance test and independent verification are performed, no 
credit was taken for the independent verification if the post-maintenance test fails to recover 
the error. For independent verification and checks performed each day or shift, credit was 
taken only when a written checkoff procedure is used. For valve misalignments which are 
annunciated in the control room, a negligible HEP (10-') was assigned.  

A more detailed analysis was performed for pre-accident human actions that were found to be 
important or for which probabilities determined using the ASEP HRAP were deemed to be 
overly , onservative. This more detailed analysis entailed the modeling of errors of omission 
and co ission using the methodology presented in NUREG/CR-1278. For example, lower" 

HEPs were assessed for errors of omission in procedural steps that have written check-offs 
than for such errors in steps in which there is no provision for written check-offs.  
Furthermore, errors of commission for control switches, manual valves, and breakers were 
assessed individually by evaluating the legibility of the component labels, the presence of 
similar equipment that might confuse selection, the need to wear protective clothing, and other 
applicable performance shaping factors.  

The HEPs derived from the ASEP-HRAP and NUREG/CR-1278 for pre-accident human 
actions are median values. For quantification, each basic HEP was converted to a mean value 
using the associated error factor. The total mean HEP for the overall action was then derived 
using a point estimate model. Finally, an overall error factor was calculated assuming a 
lognormal distribution.  

Dependency Between Pre-Accident Human Actions. Accurate assessment of human 
error probabilities must also account for dependence between critical actions. Zero 
dependence was assessed for pre-accident human actions related to series systems/components 
as with such systems or components, dependency is a moot point. For parallel 
systems/components, the following dependencies were generally assumed:
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a. Complete dependence was assumed for actions taken in the same step of a given 
procedure that do not involve individual check-offs.  

b. High dependence was assumed for actions taken in the same step of a given procedure 
that involve individual check-offs.  

c. High dependence was assumed for actions taken in different steps of a given procedure 
that are performed within 2 minutes of each other.  

d. Low dependence was assumed for actions taken in different steps of a given procedure 
that are performed more than 2 minutes apart.  

e. Zero dependence was assumed for actions performed in different procedures or by 
different crews.  

Table 3.3.3.1 summarizes the HEPs calculated for each pre-accident human action.  

3.3.3.3 Post-Accident Actions 

Post-accident human actions follow the initiating event. They require diagnosis (decision
making) and timely execution. In the context of Westinghouse Owners Group emergency 
operating procedures, diagnosis often only requires the operators to identify the correct 
procedure to implement. Post-accident human actions that were modeled include: 

* Actions which supplement the automatic response of plant systems required for accident 
mitigation (e.g., manual rod insertion).  

m Actions- required for plant control (e.g., transferring to cold leg sump recirculation 
following RWST depletion).  

" Actions involving the-recovery or restoration of failed equipment (e.g., recovering offsite 
power).  

The ASEP HRAP, with additional guidance from NUREG/CR-1278, was used to quantify 
post-accident human actions. While the ASEP HRAP allows the use of plant-specific data, 
generic data were generally used. Generic estimates were then modified according to rules 
prescribed in the ASEP HRAP when sufficient plant-specific data were available. The 
methodology and dependency levels in Chapter 18 of NUREG/CR-1278 were used to assess 
the probability of human error in the recovery of post-accident errors. Plant-specific data 
from simulations and MLAAP runs were used to establish time windows for these actions.
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0 
Table 3.3.3.1 Pre-Accident Human Actions

TEST/ TOTAL: TOTAL 

HUMAN ACTION MAINTENANCE COMPONENT RECOVERY MEDIAN MEDIAN MEAN 

IDENTIFIER DESCRIPTION PROCEDURE REALIGNED CREDITED HEP HEP HEP 

AC1-XHE-RE-MBS31 Op fails to select maint bypass switch for MCC 34 ELC-009-INV MBS 31 ANN Negl. Negl. 1.OE-5 

AC1-XHE-RE-MBS32 Op fails to select maint bypass switch for MCC 33 ELC-009-INV MBS 32 ANN NegI. Negl. 1.OE-5 

AC1-XHE-RE-MBS33 Op fails to select maint bypass switch for MCC 39 ELC-009-INV MBS 33 ANN Negi. Negi. 1.OE-5 

AC1-XHE-RE-MBS34 Op fails to select maint bypass switch for MCC 36B ELC-009-INV MBS 34 ANN Negl. Negl. 1.OE-5 

AC4-XHE-RE-MCC33 Fail to restore MCC33 after maintenance MCC-OO1-ELC/ 52/MCC3 PM, IV 0.008"0.1 [11 8.OE-5 2.1E-4 

BKR-004-ELC 

AC4-XHE-RE-MCC34 Fail to restore MCC34 after maintenance MCC-OO1-ELC/ 52/MCC4 PM, IV 0.008"0.01 [1] 8.OE-5 2.1E-4 

BKR-004-ELC 

AC4-XHE-RE-MCC37 Fail to restore MCC37 after maintenance MCC-OO1-ELC/ 52/MCC7 PM, IV 0.008"0.01 [11 8.QE-5 2.1E-4 

BKR-004-ELC 

AC4-XHE-RE-MCC39 Fail to restore MCC39 after maintenance MCC-O01-ELC/ 52/MCC9 PM, IV O.008-0.01 [1] 8.OE-5 2.1E-4 

BKR-004-ELC 

AC4-XHE-RE-MCC6A Fail to restore MCC6A after maintenance MCC-OO1-ELC/ 52/MCC6A PM, IV. 0.008"0.01 [11 8.OE-5 2.1E-4 

BKR-004-ELC 

AC4-XHE-RE-MCC6B Fail to restore MCC6B after maintenance MCC-OO1-ELC/ 52/MCC6B PM, IV 0.008"0.01 [11 8.OE-5 2.1E-4 

BKR-004-ELC 

AC4-XHE-RE-MCC6C Fail to restore MCC6C after maintenance MCC-OO1 -ELC/ 52/MCC6C PM, IV 0.008"0.01 [11 8.OE-5 2.1E-4 

BKR-004-ELC 

ACC-XHE-RE-PM31 Fail to restore ACC pump 31 valves after test/maint. PMP-003-CCS Pump 31 Feed Sw IV, PM, IV 0.03"0.1 "0.01 2.8E-3 8.6E-3 
AC-752B IV, IV 0.03"0.1 *0.1 

AC-752D IV, IV 0.03*0.1 *0.1 

3PT-M19, Rev.14 AC-752B IV 0.011"0.1 [2] 

AC-752D IV 0.011"0.1 [21 

ACC-XHE-RE-PM32 Fail to restore ACC pump 32 valves after test/maint. PMP-003-CCS Pump 32 Feed Sw IV, PM, IV 0.03*0.1 "0.01 2.8E-3 8.6E-3 

AC-752C IV, IV 0.03*0.1 "0.1 

AC-752E IV, IV 0.03"0.1 "0.1 

3PT-M19, Rev.14 AC-752C IV 0.0110.1 [21 

AC-752E IV 0.011 0.1 [2



Table 3.3.3.1 Pre-Accident Human Actions

TTOTAL. TOTAL 

HUMAN ACTION MAINTENANCE COMPONENT RECOVERY MEDIAN MEDIAN MEAN 

IDENTIFIER DESCRIPTION PROCEDURE REALIGNED CREDITED HEP HEP- HEP 

ACC-XHE-RE-3132 Fail to restore ACC pump 31 & 32 valves 3PT-M19, Rev.14 N/A N/A 13] 1.5E-4 6.4E-4 

ACC-XHE-RE-PM33 Fail to restore ACC pump 33 valves after test/maint. PMP-003-CCS Pump 33 Feed Sw IV, PM, IV 0.03"0.1 "0.01 2.8E-3 8.6E-3 

AC-753B IV, IV 0.03"0.1 "0.1 

AC-753D IV, IV 0.03"0.1 "0.1 

3PT-M19, Rev.14 AC-753B IV 0.011 "0.1 [2] 

AC-753D IV 0.011 "0.1 [21 

ACC-XHE-RE-PM34 Fail to restore ACC pump 34 valves after test/maint. PMP-003-CCS Pump 34 Feed Sw IV, PM. IV 0.03*0.1 *0.01 2.8E-3 8.6E-3 

AC-753C IV, IV 0.03*0.1 "0.1 

AC-753E IV, IV 0.03"0.1 "0.1 

3PT-M19, Rev.14 AC-753C IV 0.011 0.1 [21 

AC-753E IV 0.011 0.1 [21 

ACC-XHE-RE-3334 Fail to restore ACC pump 33 & 34 valves 3PT-M19, Rev.14 N/A N/A [31 1.5E-4 6.4E-4 

AFW-XHE-MC-PT412 Miscalibration of PT-412A or PT-412B 3PC-R19, Rev. 5 PT-412A IV, SC 0.03"0.1 "0.1 6.OE-4 2.5E-3 

PT-412B IV, SC 0.03"0.1 "0.1 

AFW-XHE-RE-AFW31 Fail to restore AFW pump 31 valves after test/maint. MTR-0 1 -BFD/ Pump 31 CS IV, PM, IV 0.03"0.1 *0.01 1.2E-3 4.7E-3 

PMP-024-BFD/ Pump 31DCF IV, PM, IV 0.03"0.1 '0.01 

PMP-025-BFD Pump 31Bkr IV, PM, IV 0.03'0.1 "0.01 

CT-27 IV, IV 0.03*0.1 "0.1 

BFD-FCV-406A/B IV, IV, SC 0.03*.1 *.1 *.1 

3PT-M20A, Rev.6/ BFD-62-1/62-4 IV 0.011 '0.51 '0.1 [4 

3PT-M20B FCV-1121 CS IV 0.001"0.1 15] 

Pump 31 CS IV 0.001 "0.1 [61 

3PT-Q20, Rev.7 BFD-FCV-406A/B SC Negligible 17]



Table 3.3.3.1 Pre-Accident Human Actions

TEST TOTAL TOTAL 

HUMAN ACTION MAINTENANCE COMPONENT RECOVERY MEDIAN MEDIAN- MEAN 

IDENTIFIER DESCRIPTION PROCEDURE REALIGNED CREDITED HEP HEP HEP 

AFW-XHE-RE-AFW32 Fail to restore AFW pump 32 valves after test/maint. PMP-011-AFS/ PCV-1 139 CS IV, PM, IV, SC 0.03"0.1 "0.01 "0.1 1.3E-3 5.OE-3 

PMP-027-AFW BFD-51 IV, PM, IV 0.030.1 0.01 

CD-125 IV, PM, IV 0.03"0.1 "0.01 

CT-30 IV, IV 0.03"0.1 "0.1 

3PT-M20A, Rev.6/ BFD-48-214/6/8 IV 0.011 0.51 "0.1 [41 

3PT-M20B HC-1118 IV 0.004"0.1 [81 

PCV-1139 CS IV, SC 0.001"0.1"0.1 [61 

3PT-Q20, Rev.7 FCV-405A/B/C/D SC Negligible [71 

AFW-XHE-RE-AFW33 Fail to restore AFW pump 33 valves after test/maint. MTR-01 1-BFD/ Pump 33 CS IV, PM, IV 0.03"0.1 "0.01 1.2E-3 4.7E-3 

PMP-024-BFD/ Pump 33 DCF IV, PM, IV 0.03"0.1 "0.01 

PMP-025-BFD Pump 33 Bkr IV, PM, IV 0.03*0.1 *0.01 

CT-33 IV, IV 0.03*0.1 "0.1 

BFD-FCV-406C/D IV, IV, SC 0.03".1 *.1 *.1 

3PT-M2OA, Rev.6 BFD-62-2/62-3 IV 0.011 "0.51 *0.1 [41 

3PT-M20B FCV-1123 CS IV 0.001 "0.1 [51 

Pump 33 CS IV 0.001"0.1 [61 

3PT-Q20, Rev.7 BFD-FCV-406C/D SC Negligible [71 

AFW-XHE-RE-AFWCC Common cause AFW pump restoration errors 3PT-M2OA/B N/A N/A [31 2.7E-6 2.7E-5 

AFW-XHE-RE-MS41 Operator fails to re-open MS-41 after test 3PT-M2OA, Rev.6 MS-41 IV 0.0080.1 [91 8.OE-4 2.1E-3 

AFW-XHE-RE-MS42 Operator fails to re-open MS-42 after test 3PT-M20B MS-42 IV 0.0080.1 [91 8.OE-4 2.1E-3 

CCW-XHE-RE-822A Fail to restore AC-MOV-822A after test/maintenance 3PT-Q36, Rev.6 AC-MOV-822A [51 0.001 0.1 1.OE-4 2.7E-4 

CCW-XHE-RE-822B Fail to restore AC-MOV-8228 after test/maintenance 3PT-Q36, Rev.6 AC-MOV-822B [51 0.001 0.1 1.OE-4 2.7E-4



Table 3.3.3.1 Pre-Accident Human Actions

TEST/ TOTAL TOTAL 

HUMAN ACTION MAINTENANCE COMPONENT RECOVERY MEDIAN MEDIAN MEAN 

IDENTIFIER DESCRIPTION PROCEDURE REALIGNED CREDITED HEP HEP HEP 

CCW-XHE-RE-CCW33 Fail to restore C0W pump 33 valves after maintenance PMP-003-CCS Pump 33 CS IV, PM, IV 0.03"0.1 *0.01 1.5E-4 6.2E-4 

Pump 33 DCF IV, PM, IV 0.03"0.1 "0.01 

Pump 33 Bkr IV, PM, IV 0.03"0.1 *0.01 

AC-762C IV, PM, IV 0.03"0.1 *0.01 

AC-760C IV, PM, IV 0.03"0.1 "0.01 

CFC-XHE-RE-FCU31 Fail to restore FCU 31 after maintenance FAN-003-VSS/ FCU 31 CS IV, PM 0.03"0.1 *0.01 2.1E-4 8.7E-4 

MTR-012-VSS FCU 31 DCF IV, PM 0.03"0.1 "0.01 

FCU 31 Bkr IV, PM 0.030.1 "0.01 

SWN-41-1 IV, PM 0.03"0.1 "0.01 

SWN-44-1 IV, PM 0.030.1 "0.01 

SWN-520 IV, PM 0.03*0.1 *0.01 

SWN-521 IV, PM 0.03"0.1 *0.01 

CFC-XHE-RE-FCU32 Fail to restore FCU 32 after maintenance FAN-003-VSS/ FCU 32 CS IV, PM 0.030.1 0.01 2.1 E-4 8.7E-4 

MTR-012-VSS FCU 32 DCF IV, PM 0.03*0.1 "0.01 

FCU 32 Bkr IV, PM 0.03 0.1 *0.01 

SWN-41-2 IV, PM 0.03"0.1 "0.01 

SWN-44-2 IV, PM 0.03"0.1 *0.01 

SWN-522 IV, PM 0.03*0.1 "0.01 

SWN-523 IV, PM 0.03"0.1 "0.01 

CFC-XHE-RE-FCU33 Fail to restore FCU 33 after maintenance FAN-003-VSS/ FCU 33 CS IV, PM 0.03"0.1 0.01 2.1E-4 8.7E-4 

MTR-012-VSS FCU 33 DCF IV, PM 0.03 *0.1 0.01 

FCU 33 Bkr IV, PM 0.03"0.1 "0.01 

SWN-41-3 IV, PM 0.03"0.1 "0.01 

SWN-44-3 IV, PM 0.03*0.1 *0.01 

SWN-524 IV, PM 0.03"0.1 "0.01 

SWN-525 IV, PM 0.03"0.1 *0.01



Table 3.3.3.1 Pre-Accident Human Actions

TEST/ TOTAL TOTAL 

HULIMAN ACTION MAINTENANCE COMPONENT RECOVERY MEDIAN MEDIAN MEAN 

IDENTIFIER DESCRIPTION PROCEDURE REALIGNED ....CREDITED HEP HEP HEP 

CFC-XHE-RE-FCU34 Fail to restore FCU 34 after maintenance FAN-003-VSS/ FCU 34 CS IV, PM 0.03"0.1 "0.01 2.1E-4 8.7E-4 

MTR-012-VSS FCU 34 DCF IV, PM 0.03*0.1 "0.01 

FCU 34 Bkr IV, PM 0.03"0.1 "0.01 

SWN-41-4 IV, PM 0.03"0.1 "0.01 

SWN-44-4 IV, PM 0.03"0.1 "0.01 

SWN-526 IV, PM 0.03"0.1 "0.01 

SWN-527 IV, PM 0.03"0.1 "0.01 

CFC-XHE-RE-FCU35 Fail to restore FCU 35 after maintenance FAN-003-VSS/ FCU 35 CS IV, PM 0.03"0. 1 *0.01 2.1E-4 8.7E-4 

MTR-012-VSS FCU 35 DCF IV, PM 0.03*0.1 *0.01 

FCU 35 Bkr IV, PM 0.03"0.1 "0.01 

SWN-41-5 IV, PM 0.03"0.1 "0.01 

SWN-44-5 IV, PM 0.03"0.1 "0.01 

SWN-528 IV, PM 0.03"0.1 "0.01 

SWN-529 IV, PM 0.03"0.1 "0.01 

CSS-XHE-RE-PM31 Fail to restore CS pump 31 valves after test/maint. PMP-004-CSS Pump 31 CS IV, PM, IV 0.03"0.1 *0.01 2.2E-3 7.2E-3 

Pump 31 Bkr IV, PM, IV 0.03"0.1 "0.01 

SI-865A IV, IV 0.03"0.1 *0.1 

SI-866A CS IV, IV 0.03"0.1 "0.1 

SI-869A IV, IV 0.03"0.1 "0.1 

3PT-M17, Rev.17 SI-869A IV 0.011"0.1 [4] 

Pump 31 CS IV 0.001 "0.1 [61 

CSS-XHE-RE-PM32 Fail to restore CS pump 32 valves after test/maint. PMP-004-CSS Pump 32 CS IV, PM, IV 0.03"0.1 "0.01 2.2E-3 7.2E-3 

Pump 32 Bkr IV, PM, IV 0.03"0.1 "0.01 

SI-865B IV, IV 0.03"0.1 "0.1 

SI-866B CS IV, IV 0.03"0.1 "0.1 

SI-869B IV, IV 0.03"0.1 "0.1 

3PT-M17, Rev.17 SI-869B IV 0.011 "0.1 [4 

Pump 32 CS IV 0.001 "0.1 [6



Table 3.3.3.1 Pre-Accident Human Actions

TOTAL .:TOTAL 

HUMAN ACTION MAINTENANCE COMPONENT RECOVERY MEDIAN MEDIAN MEAN 

IDENTIFIER DESCRIPTION PROCEDURE REALIGNED CREDITED, HEP HEP HEP 

CSS-XHE-RE-CSSCC Common cause failure to restore CS pumps 3PT-M17, Rev.17 N/A N/A [31 7.2E-5 3.OE-4 

CVC-XHE-RE-BPM31 Fail to restore BATP 31 valves after maintenance PMP-016-CVCS Pump 31 CS PM, IV 0.03"0.01 1.2E-3 3.2E-3 

Pump 31 FS PM, IV 0.03"0.01 

CH-364 PM, IV 0.030.01 

CH-360 PM, IV 0.03*0.01 

CVC-XHE-RE-BPM32 Fail to restore BATP 32 valves after maintenance PMP-016-CVCS Pump 32 CS PM, IV 0.03"0.01 1.2E-3 3.2E-3 

Pump 32 FS PM, IV 0.03*0.01 

CH-366 PM, IV 0.03*0.01 

CH-370 PM, IV 0.03*0.01 

CVC-XHE-RE-PM32 Fail to restore charging pump 32 valves after maintenance PMP-006-CVCS/ Pump 32 CS PM 0.03"0.01 1.8E-3 4.8E-3 

PMP-007-CVCS/ Pump 32 Bkr PM 0.03"0.01 

PMP-008-CVCS/ Pump 32 DCF PM 0.03"0.01 

PMP-009-CVCS/ CH-283 PM 0.03"0.01 

PMP-020-CVCS CH-233 PM 0.03*0.01 

CH-235 PM 0.030.01 

CVC-XHE-RE-PM33 Fail to restore charging pump 33 valves after maintenance PMP-006-CVCS/ Pump 33 CS PM 0.03"0.01 1.8E-3 4.8E-3 

PMP-007-CVCS/ Pump 31 Bkr PM 0.03"0.01 

PMP-008-CVCS/ Pump 31 DCF PM 0.03"0.01 

PMP-009-CVCS/ CH-284 PM 0.03*0.01 

PMP-020-CVCS CH-238 PM 0.03"0.01 

CH-236 PM 0.03*0.01 

EDG-XHE-RE-31RHE Fail to restore DG31 volt control rheostat after test 3PT-M79A, Rev.5 DG31 rheostat IV 0.001 "0.1 [10] 1.OE-4 4.3E-4 

EDG-XHE-RE-32RHE Fail to restore DG32 volt control rheostat after test 3PT-M79B DG32 rheostat IV 0.001 0.1 [101 1.OE-4 4.3E-4 

EDG-XHE-RE-33RHE Fail to restore DG33 volt control rheostat after test 3PT-M79C DG33 rheostat IV 0.001 0.1 [101 1.OE-4 4.3E-4 

EDG-XHE-RE-SEL31 Fail to restore EDG 31 select switch after test 3PT-M79A, Rev.5 DG31 engine CS IV 0.01 0.1 [111 1.OE-3 4.3E-3 

EDG-XHE-RE-SEL32 Fail to restore EDG 32 select switch after test 3PT-M79B DG32 engine CS IV 0.01 0.1 [11] 1.OE-3 4.3E-3 

EDG-XHE-RE-SEL33 Fail to restore EDG 33 select switch after test 3PT-M79C DG33 engine CS IV 0.01 0.1 [111 1.OE-3 4.3E-3 

HHI-XHE-RE-856B Fail to restore SI-MOV-856B after test/maintenance 3PT-CS9, Rev.9 SI-MOV-856B IV, SC 0.001 0.1 0.1 [51 1.OE-5 4.1 E-5 

HHI-XHE-RE-856G Fail to restore SI-MOV-856G after test/maintenance 3PT-CS9, Rev.9 SI-MOV-856G IV, SC 0.001 *0.1 0.1 [51 1.OE-5 4.1E-5 

HHI-XHE-RE-888A Fail to restore SI-MOV-888A after test/maintenance 3PT-R34, Rev.10 SI-MOV-888A IV 0.001 "0.1 [5] 1.OE-4 2.7E-4



Table 3.3.3.1 Pre-Accident Human Actions

TEST/ TOTAL TOTAL 

HUMAN ACTION MAINTENANCE COMPONENT RECOVERY MEDIAN MEDIAN MEAN 

IDENTIFIER DESCRIPTION PROCEDURE REALIGNED CREDITED HEP HEP HEP 

HHI-XHE-RE-888B Fail to restore SI-MOV-888B after test/maintenance 3PT-R34, Rev.10 SI-MOV-888B IV 0.001 0.1 [51 1.OE-4 2.7E-4 

HHI-XHE-MC-LT920 Miscalibration of level transmitter LT-920 3PT-SA33, Rev. 1 LT-920 IV, SC 0.030.1 0.1 3.OE-4 1.2E-3 

HHI-XHE-RE-SI31 Fail to restore Sl pump 31 valves after test/maint. PMP-030-SIS Pump 31 CS IV, PM, IV 0.030.1 '0.01 3.7E-4 1.4E-3 

Pump 31 DCF IV, PM, IV 0.030.1 '0-01 

Pump 31 Bkr IV, PM, IV 0.030.1 '0.01 

SI-848A IV, PM, IV 0.030.1 *0.01 

SI-MOV-850A IV, PM, IV 0.03 *0.1 *0.01 

SI-MOV-850C IV, PM, IV 0.03"0.1 "0.01 

SI-1807A IV, PM, IV 0.03"0.1 "0.01 

AC-749A IV, PM, IV 0.03"0.1 *0.01 

AC-749D IV, PM, IV 0.03"0.1 *0.01 

3PT-M16, Rev. 21 Pmp 31 CS IV 0.001 "0.1 [6] 

HHI-XHE-RE-SI32 Fail to restore SI pump 32 valves after test/maint. PMP-030-SlS Pump 32 CS IV, PM. IV 0.030.1 *0.01 3.OE-4 1.1E-3 

Pump 32 DCF IV, PM, IV 0.030.1 '0.01 

Pump 32 Bkr IV, PM, IV 0.03"0.1 *0.01 

SI-MOV-887A IV, PM, IV 0.03"0.1 '0.01 

SI-MOV-887B IV, PM, IV 0.030.1 '0.01 

SI-MOV-851A/B IV, PM, IV 0.030.050.1 '0.01 

SI-1807B IV, PM, IV 0.03"0.1 "0.01 

3PT-M16, Rev. 21 SI-MOV-851A/B IV 0.004"0.05"0.1 [121 

Pmp 32 CS IV 0.001 '0.1 [61 

HHI-XHE-RE-S133 Fail to restore Sl pump 33 valves after test/maint. PMP-030-SIS Pump 33 CS IV, PM. IV 0.030.1 *0.01 2.8E-4 1.OE-3 

Pump 33 DCF IV, PM, IV 0.03"0.1 '0.01 

Pump 33 Bkr IV, PM, IV 0.03*0.1 '0.01 

SI-848B IV, PM, IV 0.03"0.1 '0.01 

Sl-850B IV, PM, IV 0.03"0.1 "0.01 

SI-1807C IV, PM, IV 0.03"0.1 *0.01
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TEST/ TOTAL TOTAL 

HUMAN ACTION MAINTENANCE COMPONENT RECOVERY MEDIAN MEDIAN. MEAN 

IDENTIFIER DESCRIPTION PROCEDURE REALIGNED CREDITED .HEP HEP HEP 

HHI-X-HE-RE-SI33 (Cont'd) 3PT-M16, Rev. 21 Pmp 33 CS IV 0.001 "0.1 [6] 

HHI-XHE-RE-HHICC Common cause SI pump restoration error 3PT-M16, Rev.21 N/A N/A [31 2.5E-7 1.7E-6 

IAS-XHE-RE-IAS32 Fail to restore Compressor 32 valves after maintenance COM-O01-IAS IA Comp 32 CS PM 0.03"0.01 1.8E-3 4.8E-3 

IA Comp 32 LFS PM 0.03"0.01 

IA-78 PM 0.03"0.01 

IA-3-2 PM 0.030.01 

CC-43-2 PM 0.03"0.01 

CC-46 PM 0.03"0.01 

LHI-XHE-RE-PM31 Failure to restore RHR pump 31 valves after test/maint. PMP-001-RHR Pump 31 CS IV, PM, IV 0.03"0.1 *0.01 4.OE-4 1.7E-3 

Pump 31 DCF IV, PM, IV 0.03"0.1 "0.01 

Pump 31 Bkr IV, PM, IV 0.03"0.1 "0.01 

AC-739A IV, PM, IV 0.03"0.1 "0.01 

AC-735A IV, PM, IV 0.03 0.1 *0.01 

AC-1871D IV, PM 0.03"0.1 "0.01 

AC-1 871C IV, PM 0.03"0.1 *0.01 

AC-737A IV, PM 0.03"0.1 "0.01 

AC-736A IV, PM 0.03"0.1 "0.01 

AC-839 IV, PM, IV 0.03 0.1 "0.01 

3PT-M18, Rev.19 Pump 31 CS IV 0.001 "0.1 [61 

LHI-XHE-RE-PM32 Failure to restore RHR pump 32 valves after test/maint. PMP-001-RHR Pump 32 CS IV, PM, IV 0.030.1 0.01 4.OE-4 1.7E-3 

Pump 32 DCF IV, PM, IV 0.03"0.1 "0.01 

Pump 32 Bkr IV, PM, IV 0.03"0.1 "0.01 

AC-739B IV, PM, IV 0.03"0.1 *0.01 

AC-735B IV, PM, IV 0.03 0.1 "0.01 

AC-1871A IV, PM 0.03*0.1 "0.01 

AC-1871B IV, PM 0.03"0.1 "0.01 

AC-737B IV, PM 0.03"0.1 "0.01 

AC-736B IV, PM 0.03"0.1 "0.01 

AC-840 IV, PM, IV 0.03"0.1 "0.01
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TEST/ TOTAL TOTAL 

HUMAN ACTION MAINTENANCE COMPONENT RECOVERY M EDIAN MEDIAN MEAN 

IDENTIFIER DESCRIPTION PROCEDURE REALIGNED CREDITED HEP .HEP HEP 

LHI-XHE-RE-PM32 (cont'd) 3PT-M 18, Rev. 19 Pump 32 CS IV 0.001 0.1 [61 

LHI-XHE-RE-RHRCC Common cause failure to restore RHR pumps 3PT-M18, Rev. 19 N/A N/A [31 5.OE-6 2.1 E-5 

LHR-XHE-RE-PM31 Failure to restore recirc pump 31 valves after test/maint. MTR-003-GEN Pump 31 CS IV, PM 0.03*0.1 *0.0l 1 .5E-4 6.2E-4 

Pump 31 DCF IV, PM 0.03*0.1 *0.01 

Pump 31 Bkr IV, PM 0.03 *0.1 *0.01 

AC-752G IV, PM 0.03*0.1 *0.01 

AC-752H IV, PM 0.03 *0.1 *0.01 

LHR-XHE-RE-PM32 Failure to restore recirc pump 32 valves after test/maint. MTR-003-GEN Pump 32 CS IV, PM 0.03 0. 1 *0.01 1.5E-4 6.211-4 

Pump 32 DCF IV, PM 0.03*0.1 *0.01 

Pump 32 Bkr IV, PM 0.03*0.1 '0.01 

AC-753G IV, PM 0.03*0.1 *0.01 

AC-753H IV, PM 0.03*0.1 O.01 

MFW-XHE-MC-MFWFT Miscalibration of MFW flow transmitter to AMSAC 3PT-SA31. Rev.6 FC/2FWS418L PC 0.03*0.01 3.OE-4 8.OE-4 

FC/2FWS428L 

FC/2FWS438L 

FC/2FWS448L 

PWS-XHE-RE-PWP32 Fail to restore PWS pump 32 valves after maintenance PMP-035-PWP Pump 32 CS PM 0.03*0.01 1 .2E-3 3.2E-3 

Pump 32 Feed Sw PM 0.03'0.01 

PW-12 PM 0.03*0.01 

PW-15 PM 0.03*0.01 

RCS-XHE-MC-PT402 RCS pressure xmtr PT-402 miscalibration 3PC-R51 A PT-402 IV 0.03*0.1 3.OE 3 8.OE-3 

RCS-XHE-MC-PT403 RCS pressure xmtr PT-403 miscalibration 3PC-R51 A PT-403 IV 0.03*0.1 3.OE-3 8.OE-3 

SAS-XHE-RE-SI-A Fail to reset & restore SI-A after test 3PT-M 1 4A, Rev. 16 Reset STR 1 SC, ANN Negligible Negligible 1 .OE-5 

Reset CBTR1 SC, ANN 

Reset SITRi SC, ANN 

Reset CATRi SC. ANN 

Reset VTR1 SC. ANN 

PB/TR1 Unblock SC. ANN
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TET/TOTAL TOTAL 
HUMAN ACTION MAINTENANCE COMPONENT .RECOVERY MEDIANMEIN EA 

IDENTIFIERDESCRIPTION PROCEDURE REALIGNED CEIE E E E 

SAS-XHE-RE-SI-B Fail to reset & restore SI-B after test 3PT-M14B Reset STR2 SC, ANN Negligible Negligible 1.0E-5 

Reset CBTR2 SC, ANN 

Reset SITR2 SC, ANN 

Reset CATR2 SC, ANN 

Reset VTR2 SC, ANN 

PB1TR2 Unblock SC, ANN 

SWS-XHE-RE-SWN29 SWN-29/SWN-30 swapped during header alignment SOP-RW-5, Rev. 13 SWN-29/SWN-30 IV, IV 0.008"0.1 0.1 [13] 8.OE-5 2.6E-4 
SWS-XHE-RE-PMP33 Fail to restore SW pump 33 valves after maintenance MTR-010-SWS/ Pump 33 CS IV, PM 0.03"0.1 "0.01 1.2E-4 5.OE-4 

STR-001-SWS/ Pump 33 DCF IV, PM 0.03 0.1 "0.01 

PMP-028-SWS Pump 33 Bkr IV, PM 0.03*0.1 "0.01 

SWN-2-3 IV, PM 0.03"0.1 "0.01 

SWS-XHE-RE-PMP36 Fail to restore SW pump 36 valves after maintenance MTR-010-SWS/ Pump 36 CS IV, PM 0.03"0.1 "0.01 1.2E-4 5.0E-4 
STR-001-SWS/ Pump 36 DCF IV, PM 0.03"0.1 *0.01 

PMP-028-SWS Pump 36 Bkr IV, PM 0.03"0.1 "0.01 

SWN-2-6 IV, PM 0.03*0.1 "0.01

PM = Post-maintenance test 

PC = Post-calibration test
IV = Independent verification 

SC = Shiftly check

ANN = Annunciated
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Notes 

[1] Assumes a median HEP of 0.003 (EF=5) for errors of omission (Table 20-7, item 2, of NUREG/CR-1278) and 0.005 
(EF=5) for errors of commission involving circuit breaker selection errors.  

[2] Assumes a median HEP of 0.003 (EF=5) for errors of omission (Table 20-7, item 2, of NUREG/CR-1278) and 0.008 
(EF=5) for errors of commission (Table 20-13, item 4)--local valve selection error.  

[3] Low dependency was assumed between test restoration errors separated in time. Complete dependency was assumed 
between independent verification of multiple errors--that is, if the independent check does not detect the first restoration 
error, it will also fail to detect the second error.  

[4] Assumes a median HEP of 0.003 (EF-5) for errors of omission (Table 20-7, item 2, of NUREG/CR-1278) and 0.008 
(EF=5) for errors of commission (Table 20-13, item 4).  

[5] The test requires opening and closing stroke time measurements to be taken for the MOV. The median probability that the 
valve is not stroked back to the original position was conservatively estimated to be 0.001 (EF-5) from Table 20-12 (item 3) 
of NUREG/CR-1278 (control switch selection error).  

[6] The error mode is returning the control switch to the incorrect position. NUREG/CR-1278 (Table 20-12) gives a median 
HEP of 0.001 (EF=10).
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[7] This restoration error was judged to be of negligible probability because of the low frequency of the test (once every three 

months) compared to the high frequency of the verification (once per shift turnover).  

[8] Assumes a median HEP of 0.003 (EF=5) for errors of omission (Table 20-7, item 2, of NUREG/CR-1278) and 0.001 

(EF=5) for errors of commission (Table 20-12, item 9)--turning a rotary control to the wrong setting.  

[9] Assumes a median HEP of 0.003 (EF-5) for errors of omission (Table 20-7, item 2, of NUREG/CR-1278) and 0.005 

(EF-5) for errors of commission (Table 20-13, item 3)--local valve selection error when the valve is set apart from other 

valves.  

[10] Assumes a median HEP of 0.001 (EF=10) for errors of commission--turning a rotary control to the wrong setting.  

[11] Assumes a median HEP of 0.01 (EF=5) for errors of omission involving procedures (long list) without check-off provisions.  

, [12] Assumes a median HEP of 0.003 (EF=5) for errors of omission (Table 20-7, item 2, of NUREG/CR-1278) and 0.001 

(EF=5) for errors of commission (Table 20-12, item 3) involving control switch selection errors. Low dependency was 

assumed for failure to restore both valves when actions to restore valves are separated in time.  

[13] The swapping of the service water headers requires both SWN-29 and SWN-30 to be temporarily opened simultaneously to 

ensure that service water flow to the EDGs is maintained at all times. Therefore, the error of concern is closing the wrong 

valve. NUREG/CR-1278 (Table 20-13, item 4) assigns a median HEP of 0.008, with an error factor of 3, for selecting the 

wrong valve when the valve is one of a group of two or more similar valves.



Simulator exercises were observed to develop an understanding of how the control room 
operators interact and implement the emergency operating procedures (EOPs). In addition, 
operations personnel and simulator training instructors were interviewed to ascertain the extent 
to which the operators are trained on a particular scenario. Simulator observations and 
interviews also served to verify the use of procedures for recovery actions and the information 
and cues available to the operators to accomplish the tasks.  

Response and manipulation times for control room actions were obtained, where possible, 
from simulator exercises or interviews with operators and training staff when simulator data 
were unavailable. Travel and manipulation times in post-accident actions that require local 
manipulations were estimated by having plant operators perform simulated walk-throughs.  
These walk-throughs were conducted assuming above average travel distances to reflect the 
fact that nuclear plant operators may be at distant locations within the plant when paged.  

Crew Structure. Control room staffing will impact the HEPs associated with post
accident human actions. Technical specifications require that at least one licensed reactor 
operator (RO) and one licensed senior reactor operator (SRO) be present in the control room 
at all times. In addition, a roving licensed RO (RO rover), although not required to be in the 
control room at all times, is available to assist the SRO and RO. The SRO is responsible for 
directing the execution of the EOPs, while the two control board operators (RO and RO 
rover) execute the required actions. A shift supervisor (SS) is also required to be onsite at all 
times and available to respond to an emergency by returning to the control room within 10 
minutes. The SS is responsible for maintaining a broad perspective of operational conditions 
affecting the safety of the plant. As such, the SS does not become involved in detailed 
operations. A shift technical advisor (STA) is also required to be onsite to provide technical 
support to the SS. During implementation of the EOPs, the STA is responsible for 
monitoring the critical safety functions (CSFs). Nominally, the STA should be in touch with 
the control room within 10 minutes of being summoned. For actions requiring local 
manipulations, nuclear plant operators (NPOs) are available to assist the control room staff.  

Performance Shapingi Factors. Performance shaping factors affect human performance 
and were explicitly accounted for in accordance with the ASEP HRAP. These factors were 
identified during plant visits, observations of simulator scenarios, plant walkdowns to examine 
the location and proximity of components which require local manipulations, walkdowns of 
the control room simulator to identify instrument and switch positions, and reviews of 
important procedures to identify potential deficiencies. The PSFs are: 

" Timing. The time available to correctly diagnose an abnormal event and complete the 
necessary actions influences the probability of error in the diagnosis, execution, and 
recovery of post-diagnosis errors. As a general rule, human error probability is inversely 
proportional to time available.  

" Competing~ Actions/Alarms. The presence of several alarms or the need to perform one 
action while monitoring unrelated parameters can impact both stress levels and task
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complexity, thus requiring a higher degree of man-machine interaction.

" Consequences of Actions. The consequences of the success or failure in performing 
actions may impact stress levels.  

* Training/Experience. These factors were considered when assigning diagnosis and post
diagnosis HEPs. Training instructors and operations personnel were interviewed to 
examine how familiar operators were with the scenarios being analyzed and ascertain the 
frequency with which the operators are trained on them. For sequences in which 
indication is adequate and for which the operators have been well trained in simulator 
exercises, lower bound values for the HEPs presented in the ASEP HRAP were used.  
For events not covered in training, seldom practiced or otherwise unfamiliar, upper bound 
HEPs were used. For all other events, nominal HEPs were assigned. Two board 
operators (ROs) and one senior reactor operator (SRO) were assumed to be present in the 
control room. Ten minutes after the initiating event, the shift supervisor and shift 
technical advisor (STA) were assumed to be available to recover errors.  

" Stress. Moderately or extremely high stress levels were assessed for post-accident human 
actions required within several hours of the initiating event. Extremely high stress levels 
were assumed for rapidly evolving events, such as large-break LOCAs and ATWS events, 
and for events involving loss of critical safety functions.  

* Skill/Rule/Knowledge-Based Actions. Skill-based actions are the well-rehearsed actions 
taken by operators in response to transients that are unambiguously understood by the 
operators. These actions include "immediate action" steps in the emergency operating 
procedures (EOPs) since these steps are well-practiced and memorized. Actions which 
involve the use of well-practiced written procedures were classified as rule-based actions.  
Actions that require more cognitive processing by the operators were classified as 
knowledge-based actions. Such actions may be taken during operations and transients 
that are unclear to the operators. Actions taken in response to transients for which the 
procedures are poorly written, ill-understood by the operators, or non-existent were also 
characterized as knowledge-based actions. Thus, while knowledge-based behavior is 
expected to dominate when there is a lack of experience (skills) and procedures (rules), in 
this study, actions were generally classified as skill- or rule-based actions as no credit was 
taken for actions not addressed in procedures.  

" Task Complexity. The complexity of the actions to be performed was evaluated.  
Proceduralized operator actions performed one step at a time were classified as step-by
step actions. Actions requiring decision making, or keeping track of or controlling 
several functions, were classified as dynamic actions. Actions addressed in the notes and 
cautions in the fold-out pages of the EOPs were also classified as dynamic actions.  
Recovery actions were classified as step-by-step if a later step in the procedure can 
recover the original error within the allowed time; otherwise, recovery was classified as 
dynamic.
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Quantification of Post-Accident Human Actions. The ASEP HRAP assigns a nominal 
HEP to the failure of the operators to diagnose an event within the allowed time. The 
nominal HEP is then adjusted according to how well and frequently the event is covered in 
training. Given successful diagnosis, the ASEP HRAP then assigns a nominal HEP to the 
operator failing to perform a critical action (i.e., committing an error of commission or 
omission). The value of the post-diagnosis HEP depends on the type of action (i.e., whether 
it is dynamic or step-by-step) and on the stress levels present when the action is performed.  
The procedure conservatively assesses a minimum of moderately high stress for all actions.  
Therefore, the HEPs for post-diagnosis errors range from 0.02 for a step-by-step action 
performed under moderately high stress to 0.25 for a dynamic action taken under extremely 
high stress. For "immediate actions" that are committed to memory and can be classified as 
skill-based actions, the ASEP HRAP assigns a median HEP of 0.001. For other skill-based 
actions, the nominal HEPs were reduced by a factor of 5 (the associated error factor).  
Because errors of omission tend to dominate post-diagnosis errors and errors of omission tend 
to result from the SRO skipping a step in a procedure, no credit was given to the SRO 
recovering post-diagnosis errors made in control room actions unless recovery is prompted by 
a subsequent step in the procedure. The above HEPs represent median values; for 
quantification, each HEP was converted to a mean value using the associated error factor.  
Table 3.3.3.2 summarizes the HEPs calculated for each post-accident human action. Details 
of the analysis of post-accident human actions are given in Appendix H.  

Dependency Between Post-Accident Human Actions. Dependency between operator 
errors must be evaluated for accident sequences involving multiple operator action failures.  
Dependency can exist between the diagnoses of multiple events, between actions performed 
by the same person, and between operators. The dependency between human errors made in 
diagnosis was calculated as follows: 

m If the time available for diagnosis for the subsequent action (B) is greater than the time 
available for the first action (A), the conditional HEP was calculated as: 

P(B A) = P(AB) / P(A), 

where: 

P(B A) = Probability of a diagnosis error in operator action B given 
diagnosis error in operator action A.  

P(AB) = Probability of diagnosis error in both actions. This 
probability is calculated 

using the diagnosis model for the operator action with the 
longest time 

available for diagnosis--in this case operator action B.  

P(A) = Probability of a diagnosis error in operator action A.
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Table 3.3.3.2 Post-Accident Human Actions Quantification Summary

HUMAN ACTION TIME MEAN ERROR 

IDENTIFIER I HUMAN ACTION DESCRIPTION AVAILABLE HEP FACTOR 

AC4-XHE-FO-BMCC3 Reclose 52/MCC3 after SI/LOSP > 30 min 1.OE-1 N/A 

AC4-XHE-FO-BMCC4 Reclose 52/MCC4 after SI/LOSP 

AC4-XHE-FO-BMCC7 Reclose 52/MCC7 after SI/LOSP 

AC4-XHE-FO-BMCC9 Reclose 52/MCC9 after SI/LOSP 

AFW-XHE-FO-CITYW Align city water to AFW pump suction given unavailability of CST 39 - 52 min [1] 2.OE-2 9 

AFW-XHE-FO-HC405 Operate HC-405A, B, C, and D 39 - 52 min [1] 1.3E-3 16 

AFW-XHE-FO-TDP32 Reset AFW 32 turbine overspeed trip 39 - 52 min [1] 2.2E-2 13 

B Recover ac power given operators depressurize RCS 1 - 8 hr [2] 7.1 E-3 10 

Recover ac power given RCS not depressurized 1 - 8 hr [2] 9.OE-3 10 

CWRHR Align backup city water to RHR pump 31 1.75 hr 3.3E-2 5 

Align backup city water to RHR pump 31 given failure to align city 1.75 hr 6.6E-2 10 

water to charging pumps.  

FB Initiate primary cooling bleed and feed 17 - 25 min [1] 1.2E-2 5 

Establish hot-leg long-term recirculation core cooling during large 21 hr IOE-4 10 

LOCA 

Failure to establish long-term shutdown during ATWS via emergency 

LTS boration or locally tripping reactor given manual rod insertion 10 min 2. 1 E-3 8 

successful 

Establish long-term shutdown during ATWSvia emergency boration 

or locally tripping reactor given manual rod insertion failed 

MRI Perform manual rod insertion during ATWS 53 sec 2.OE- 1 5 

MSGI Isolate faulted steam generator during steamline break 20 min 3.3E-2 7 

OMCC312A Align Appendix R safe shutdown equipment to MCC-312A given 60 min [3] 1.3E-2 10 
flood in CB 15-ft elevation
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HUMAN ACTION TIME MEAN ERROR 

IDENTIFIER HUMAN ACTION DESCRIPTION AVAILABLE HEP FACTOR 

OCOND Align condensate system for secondary cooling 39 - 52 min [1] 6.1E-3 8 

Align condensate system given failure to initiate bleed & feed 39 - 52 min 3.7E-1 10 

ODEP Depressurize RCS for low-head injection during small LOCA and 3 hr 2.6E-3 
failure of HHSI 

Depressurize RCS for low-lead injection during intermediate LOCA 

and failure of HHSI 

ODEP-SBO Depressurize RCS to reduce RCP seal leakage 2 hr 2.4E-3 10 

ODEPR Depressurize RCS for post-LOCA cooldown > 2 hr 2.6E-3 10 

46 min after low

OHR Initiate internal high-head recirculation flow during small LOCA low RWST level 4.8E-4 8 
alarm 

46 min after low

Initiate external high-head recirculation flow during small LOCA low RWST level 2.2E-3 10 
alarm 

46 rain after low
Initiate internal high-head recirculation flow during small LOCA 46 mm afte owlow RWST level 2.2E-3 10 
given failure to depressurize RCS alarm 

Initiate internal high-head recirculation flow during intermediate 20 - 46 mi [4] 8.6E-4 6 

LOCA 

Initiate external high-head recirculation flow during intermediate 20 - 46 min 2.3 E-3 10 
LOCA 

Initiate internal high-head recirculation flow during intermediate 20 - 46 min 4.6E-2 10 

LOCA given failure to depressurize RCS 

OLR Initiate internal low-head recirculation flow during small LOCA 20 min [5] 3.OE-4 I I 

Initiate external low-head recirculation flow during small LOCA 20 min 9.2E-3 10



Table 3.3.3.2 Post-Accident Human Actions Quantification Summary 

HUMAN ACTION TIME MEAN ERROR 

IDENTIFIER HUMAN ACTION DESCRIPTION AVAILABLE HEP FACTOR 

OLR (cont'd) Initiate internal low-head recirculation flow during intermediate 20 mi [5] 3.OE-4 I1 

LOCA 

Initiate external low-head recirculation flow during intermediate 20 9.2E-3 10 

LOCA 

Initiate internal low-head recirculation flow during large LOCA 4.5 min [5] 4.4E-3 6 

Initiate external low-head recirculation flow during large LOCA 4.5 min 2.8E-1 10 

ORCS-E Perform early RCS cooldown & depressurization during SGTR given N/A [6] 1.3E-3 16 
failure of HHSI and success of SGISO 

Perform late RCS cooldown & depressurization during SGTR given N/A [6] 5.OE.2 5 ORCS-L NA[]50
success of SGISO and failure of ORCS-E 

Perform late RCS cooldown & depressurization during SGTR given 8 hr 1.0E-2 10 

failure of SGISO 

ORCS-MSLB Depressurize RCS Given MSLB-Induced SGTR 8 hr I.OE- I N/A 

RHR-SD Provide decay heat removal using normal RHR shutdown cooling > 8 hr 9.3E-4 16 

during small-small LOCA or SGTR 

RV Terminate SI during steamline break 30 min 4.3E-3 10 

Terminate SI during steamline break given failure to isolate feedwater 30 mi 8.5E-2 10 

flow 

SGISO Isolate faulted steam generator during SGTR 20 min [7] 3.9E-3 8 

SLOCA Align backup city water to charging pump coolers 60 min [3] 2. 1 E-2 I I 

VISO Isolate interfacing system LOCA > 20 min 1.0E-1 N/A 

WRWST Refill RWST for continued core cooling during SGTR 2 hr [8] 1.8E-1 3 

OAFW-HVAC Provide alternative ABFP room ventilation 60 min 7.6E-3 10 

OCTL15-HVAC Provide alternative switchgear room ventilation 60 min I.0E-I N/A



Table 3.3.3.2 Post-Accident Human Actions Quantification Summary (Continued)

Notes 

[1] The time at which the RCPs are tripped impacts the time available.  

[2] RCP seal leakage rate, time to battery depletion, and availability of the turbine-driven AFW pump impact the time available.  

[3] The time available was calculated assuming an RCP seal leakage rate of 24-gpm/pump for the first hour.  

[4] The time available was taken as the time to deplete the RWST once the level has decreased to 9.2 ft. This time varies with 
the break size.  

[5] The time available is taken as the time to deplete the RWST once the level has decreased to 9.2 ft. This time varies with 
the break size. However, the availability of the internal recirculation pumps will. prolong the time available to establish low
pressure recirculation.  

~z[6] The time available is included in the diagnosis model for operator action SGISO (faulted SG isolation).  

[7] The time available is based on the latest time at which flow to the faulted SG can be isolated and still allow successful 
depressurization to prevent SG overfill.  

[8] RWST inventory will be depleted approximately two hours after the level decreases to 9.2 ft
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0 If the time available for diagnosis of the second action is less than the time available for 
the first action, the subsequent action was assumed to fail.  

For post-diagnosis actions, zero to low dependence was generally assumed between actions 
performed in separate steps, since such errors can occur randomly without any underlying 
common cause. Should the board operator be implementing off-normal or system operating 
procedures, a high dependency between the SRO and the board operator was assumed. Low 
dependency was assumed between the SRO and board operator when the verification of a 
critical action is performed during a subsequent step in the procedure. Moderate dependency 
was assumed between the shift supervisor (SS) and the operators. Recovery by the STA was 
only given to those errors committed by the operator which can be detected by monitoring the 
critical safety function (CSF) status trees and, even then, only moderate dependence was 
assumed.  

Control Room Indications And Controls. Control room instrumentation displays, panels, 
and switches that are important to the human actions addressed in this IPE are shown in 
Figure 3.3.3.1. All indicators, recorders, and switches are clearly labeled with nameplates.  
The lettering and background on these nameplates have contrasting colors and can be read 
easily. This instrumentation and its functions are described for each system of interest in 
Section 3.2 and is summarized in Appendix H.  

3.3.4 COMMON-CAUSE FAILURE DATA 

Common-cause failure data used in this study are presented in Table 3.3.4.1.  

3.3.5 UNCERTAINTY ANALYSIS

The goal of uncertainty analysis is to ascertain the uncertainty in estimates of the frequencies 
of accident sequences, core damage, and plant damage states and so be able to make 
meaningful comparisons between measures of risk and, hence, robust decisions regarding the 
margin of safety and the allocation of resources to enhance safety [48]. Uncertainty arises 
both from the inherent randomness of failure occurrence (variability) and from a lack of data 
or a limited understanding of the phenomena being modeled.  

While it is this lack of knowledge that is addressed in this discussion of uncertainty, it must 
be realized that increased knowledge gives only an increased confidence in the predictions of 
the study--the fact that probabilistic models are being used will not change.
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Table 3.3.4.1 Common Cause Failure Events 

DESCRIPTIONEVENT NAME
COMPONENT 
POPULATION

CCF BETA CCF FAILURE 
FACTORS PROBABILITY

AC4-CCF-HW-480VS 

ACC-CCF-CC-DCKV 

ACC-CCF-FS-ACCW 

ACU-CCF-CC-CK123 

ACU-CCF-CC-CK124 

ACU-CCF-CC-CK134 

ACU-CCF-CC-CK234 

AFW-CCF-CC-C3134 

AFW-CCF-CC-C3139 

AFW-CCF-CC-TDPDV 

AFW-CCF-FS-AFWPM 

CCW-CCF-CC-822 

CCW-CCF-FS-ACPM 

CDS-CCF-FS-CDPMP 

CFC-CCF-FR-3FCUS 

CSR-CCF-CC-889AB 

CSS-CCF-CC-867AB 

CSS-CCF-CC-866AB 

is

480 VOLT SWITCHGEAR 31 & 32 HARDWARE FAILURE 

AUX. CCW PUMPS DISCHARGE CHECK VALVES FAIL TO OPEN 

AUX. COMPONENT COOLING PUMPS FAIL TO START 

3 CHECK VALVES ON RCS LOOPS 1,2,3 

3 CHECK VALVES ON RCS LOOPS 1,2,4 

3 CHECK VALVES ON RCS LOOPS 1,3,4 

3 CHECK VALVES ON RCS LOOPS 2,3,4 

BFD 31 & 34 FAIL TO OPEN 

BFD 31 & 39 FAIL TO OPEN 

TURBINE DRIVEN AFWP FLOW CONTROL VALVES FAIL TO OPEN 

AUXILIARY FEEDWATER PUMPS FAIL TO START 

AC-822 A & B FAIL TO OPEN 

COMPONENT COOLING WATER PUMPS FAIL TO START 

CONDENSATE PUMPS FAIL TO START 

3 OF 5 FAN COOLER UNITS FAIL TO RUN 

SI-889 A & B FAIL TO OPEN 

SI-867 A & B FAIL TO OPEN 

SI-866 A & B FAIL TO OPEN

I.00E-0I 

6.OOE-02 

1.OOE-01 

6.OOE-02 

6.OOE-02 

6.OOE-02 

6.OOE-02 

6.OOE-02 

6.OOE-02 

I.OOE-01 

5.60E-02 

8.80E-02 

3.OOE-02 

I.OOE-0 I 

1.30E-01 

8.80E-02 

6.OOE-02 

8.80E-02

1.06E-06 

5.50E-06 

2.97E-04 

6.OOE-06 

6.OOE-06 

6.OOE-06 

6.OOE-06 

5.12E-06 

5.12E-06 

I.OOE-04 

1.88E-04 

2.64E-04 

1.70E-05 

2.78E-04 

2.47E-06 

2.64E-04 

5.86E-06 

2.64E-04



Table 3.3.4.1 Common Cause Failure Events 

EVENT NAME DESCRIPTION
COMPONENT 
POPULATION

CCF BETA 
FACTORS

CCF FAILURE 
PROBABILITY

CSS-CCF-FS-PUMPS CONTAINMENT SPRAY PUMPS 31 & 32 FAIL TO START 

CVC-CCF-CC-362AB CH-362 A & B FAIL TO OPEN 

CVC-CCF-CC-4CKVS FOUR CHECK VALVES FAIL TO OPEN 

CVC-CCF-FS-BATPM BORIC ACID TRANSFER PUMPS 31 & 32 FAIL TO START 

CVC-CCF-FS-CH323 CHARGING PUMPS 32 & 33 FAIL TO START 

DGV-CCF-HW-DG31D DIESEL GENERATOR 31 DAMPERS 

DGV-CCF-HW-DG3 IF DIESEL GENERATOR 31 FANS 

DGV-CCF-HW-DG3 IL DIESEL GENERATOR 31 LOUVER SECTIONS 

'DGV-CCF-HW-DG32D DIESEL GENERATOR 32 DAMPERS 

DGV-CCF-HW-DG32F DIESEL GENERATOR 32 FANS 

DGV-CCF-HW-DG32L DIESEL GENERATOR 32 LOUVER SECTIONS 

DGV-CCF-HW-DG33D DIESEL GENERATOR 33 DAMPERS 

DGV-CCF-HW-DG33F DIESEL GENERATOR 33 FANS 

DGV-CCF-HW-DG33L DIESEL GENERATOR 33 LOUVER SECTIONS 

EDG-CCF-HW-3EDGS EMERGENCY DIESEL GENERATORS 

EDG-CCF-HW-DG312 EMERGENCY DIESEL GENERATORS 31 & 32 

EDG-CCF-HW-DG313 EMERGENCY DIESEL GENERATORS 31 & 33

1.10E-01 

6.OOE-02 

6.OOE-02 

1.00E-01 

1.00E-01 

7.OOE-02 

1.30E-01 

7.OOE-02 

7.OOE-02 

1.30E-01 

7.OOE-02 

7.OOE-02 

1.30E-0 I 

7.OOE-02 

1.80E-02 

3.80E-02 

3.80E-02

2.98E-04 

6.OOE-06 

6.OOE-06 

3.19E-04 

2.65E-04 

1.06E-04 

6.50E-04 

1.06E-04 

1.06E-04 

6.50E-04 

1 .06E-04 

1.06E-04 

6.50E-04 

1.06E-04 

4.74E-05 

I .OOE-04 

! .00E-04



Table 3.3.4.1 Common Cause Failure Events 

DESCRIPTIONEVENT NAME

COMPONENT 
POPULATION

CCF BETA 
FACTORS

CCF FAILURE 
PROBABILITY

EDG-CCF-HW-DG323 

HHI-CCF-CC-849AB 

HHI-CCF-CC-9A852 

HHI-CCF-CC-9B852 

HHI-CCF-CC-SI4KV 

HHI-CCF-FS-2-3PM 

HHI-CCF-FS-3PMPS 

HHI-CCF-CC- 1835 

HHI-CCF-OC-1835 

HHI-CCF-CC- 1852 

HHI-CCF-OC- 1852 

HHR-CCF-CC-888AB 

IAS-CCF-FR-IACMP 

ICC-CCF-FR-IACCW 

LHI-CCF-CC-738AB 

LHI-CCF-FS-PUMPS 

LHR-CCF-CC-886AB 

LHR-CCF-CC-LPRVL 

9

EMERGENCY DIESEL GENERATORS 32 & 33 

SI-849 A & B FAIL TO OPEN 

SI-849A & SI-852 A&B FAIL TO OPEN 

SI-849B & SI-852 A&B FAIL TO OPEN 

SI-849 A&B AND SI-852 A&B FAIL TO OPEN 

2 OF 3 HIGH HEAD SAFETY INJECTION PUMPS FAIL TO START 

HIGH HEAD SAFETY INJECTION PUMPS FAIL TO START 

SI-1835 A & B FAIL TO OPEN 

SI-1835 A & B FAIL TO REMAIN OPEN 

SI-1852 A & B FAIL TO OPEN 

SI-1852 A & B FAIL TO REMAIN OPEN 

SI-888 A & B FAIL TO OPEN 

INSTRUMENT AIR COMPRESSORS FAIL TO RUN 

INSTRUMENT AIR CLOSED COOLING WATER PUMPS FAIL TO RUN 

SI-738 A & B FAIL TO OPEN 

LOW HEAD INJECTION PUMPS FAIL TO START 

SI-886 A & B FAIL TO OPEN 

SI-1802 A & B FAIL TO OPEN

3 

2 

2&2 

2&2 

4 

3 

3 

2 

2 

2 

3 

2 

3 

2 

2 

2 

2 

2

3.80E-02 

6.OOE-02 

6.OOE-02 

6.OOE-02 

6.OOE-02 

2.1OE-01 

1.00E-01 

8.80E-02 

8.80E-02 

8.80E-02 

8.80E-02 

8.80E-02 

1.00E-01 

1.00E-0 I 

6.OOE-02 

1.50E-01 

6.OOE-02 

8.80E-02

1.00E-04 

5.37E-06 

5.37E-06 

5.37E-06 

5.37E-06 

5.55E-04 

2.64E-04 

3.63E-04 

1.95E-07 

3.63E-04 

1.95E-07 

1.95E-07 

9.36E-05 

8.04E-06 

5.4 1E-06 

3.97E-04 

6.OOE-06 

2.61 E-04



Table 3.3.4.1 Common Cause Failure Events 

EVENT NAME DESCRIPTION
COMPONENT 
POPULATION

CCF BETA CCF FAILURE 
FACTORS PROBABILITY

LHR-CCF-FS-PUMPS 

MFW-CCF-CC-BFPDV 

MSS-CCF-CC-ADV 

MSS-CCF-OO-MSIV 

PPR-CCF-CC-BLKVS 

PPR-CCF-CC-PORVS 

PWS-CCF-CC-P 1314 

PWS-CCF-FR-PM312 

SAS-CCF-HW-BISTA 

SAS-CCF-HW-BISTB 

SGB-CCF-OO-SGBIV 

SWS-CCF-CC-EDGS 

SWS-CCF-CC-FCUS 

SWS-CCF-FR-ESSPM 

SWS-CCF-FR-NESPM

LOW HEAD RECIRCULATION PUMPS FAIL TO START 

BFD 2-31 & 2-32 FAIL TO OPEN 

3 OR MORE ATMOSPHERIC DUMP VALVES FAIL TO OPEN 

2 OR MORE MAIN STEAM ISOLATION VALVES FAIL TO CLOSE 

BLOCK VALVES FAIL TO OPEN 

POWER OPERATED RELIEF VALVES FAIL TO OPEN 

PW 13 & 14 FAIL TO OPEN 

PRIMARY WATER PUMPS 31 & 32 FAIL TO RUN 

XI BISTABLES 

X2 BISTABLES 

TWO STEAM GENERATOR BLOWDOWN ISOLATION VALVES 

EMERGENCY DIESEL GENERATORS FLOW CONTROL VALVES 

TCV- 1104 & 1105 

ESSENTIAL SERVICE WATER PUMPS FAIL TO RUN 

NON-ESSENTIAL SERVICE WATER PUMPS FAIL TO RUN

NOTE: * CCF probability taken from GE NEDC-30844A Table C-I, page c-3 [75]

1.001E-01 

8.80E-02 

1.00E-01 

6.OOE-02 

8.80E-02 

1.00E-01 

6.OOE-02 

1.00E-01 

1.00E-01 

1.00E-01 

1.00E-01 

2.60E-02 

2.60E-02

2.97E-04 

2.64E-04 

3.21 E-04 

2.06E-04 

2.64E-04 

4.27E-04 

6.OOE-04 

1.26E-05 

1.60E-07 

1.60E-07 

1.90E-04 

1.00E-04 

1.00E-04 

1.53E-05 

1.53E-05



3.3.5.1 Sources and Treatment of Uncertainties

Uncertainty in the numerical results of this study arises from two basic sources: parameter 
value uncertainty and modeling uncertainty. The causes of parameter value uncertainty 
include insufficient component failure mode data, problems interpreting failure data and 
component performance records, the use of generic data in a plant-specific data analysis, and 
the intrinsic variability of failure data. Modeling uncertainty reflects our limited knowledge 
of how accidents progress and of human response to abnormal conditions.  

In assessing the contribution of parameter value uncertainty to the numerical results, the 
parameters of interest are those used by the accident-sequence logic models. They include 
initiating event frequencies, component failure rates and unavailabilities, and human error 
probabilities. Modeling uncertainties are embedded in success criteria, in failure logic 
depicted in fault trees, and in the occurrence of phenomena and their impact on system 
performance. The essential difference between parameter value uncertainty and modeling 
uncertainty is that while uncertainty in the parameter values does not change the structure of 
the logic model, different modeling hypotheses may well lead to different logical 
representations of the systems and accident sequences.  

In this study, modeling uncertainties were treated by reviewing and using expert opinion 
results. Parameter value uncertainties were handled by defining a probability distribution for 
the value of each parameter such that the "nth" percentile of the distribution represents the 
value for which the analyst has n/100 confidence that the true value lies below the value.  
This subjective approach to the representation of uncertainty makes the propagation of 
parameter value uncertainty through the evaluation mathematically straightforward. The 
evaluation was made using Monte Carlo or other sampling techniques. The uncertainty ranges 
characterized by the distributions vary in origin. For example, if the estimates are based on 
plant-specific data, the range is characteristic of statistical uncertainty. If the estimates are 
generic (or non-plant specific) the range is characteristic of the factors that may affect the 
failure properties of the component in different uses and environments. Hence the range will 
include plant-to-plant variation.  

The propagation of uncertainties was accomplished using the UNCERT code [78] to calculate 
probability distributions and so determine the uncertainty in the accident frequency estimate 
and the contributions to the frequency estimate of the various basic events modeled. The 
modeling of uncertainties and their propagation is discussed and documented in NULREG/CR
4550, Volume 2, Revision 1 [51].  

3.3.5.2 Development of Parameter Distributions 

Probability distributions for parameter values were derived from plant-specific data, industry
wide data summaries and analyses, and previous PRAs. If plant data were available for 
particular component failure modes, the distribution means and error factors were calculated
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by performing Bayesian updates of generic data using plant data. If plant data were 
insufficient, estimates and uncertainty models based on industry data were used; they were 
derived from the ASEP Generic Data Base presented in NUREG/CR-4550, Volume 1, 
Revision 1 [9].  

Loss-of-offsite-power non-recovery probabilities and initiating event frequencies were 
calculated using industry data and a statistical model which combined probability models for 
plant-, power grid-, and weather-related losses [52]. The model was adjusted to be site
specific for IP3. The non-recovery curve is presented in Figure 3.3.5.1; probabilities of non
recovery of offsite power are presented as a function of time in Appendix H, Table H2.1.1.  

Human error probabilities and uncertainties were developed by applying the rules for human 
reliability assessment (HRA) from NUREG/CR-4772 [14] and, to a lesser extent, 
NUREG/CR-1278 [47]. The human error probabilities are generally given in terms of a 
median value and error factor. Assuming a lognormal distribution, mean values are easily 
calculated.  

3.3.5.3 Ouantification of Accident Sequence Uncertainly 

The uncertainty of the parameter values was propagated through the accident sequence 
minimal cut sets using the UNCERT computer code [78]. UNCERT generates a sample and 
point estimate of the accident sequence frequency, and various importance measures and 
resultant rankings for the basic events. Parameter distributions for similar events were 
correlated by their basic event type code in the fault tree database. A brief description of the 
calculations made for IP3 is given below; the results are presented in Section 3.3.6.2.  

Descriptive Statistics for the Total Core Damage and Plant Damage State 
Frequencies. The descriptive statistics calculated by UNCERT for the total core damage 
frequency of the plant caused by internal events, and each accident sequence and plant 
damage state, include: 

* Size of sample used 

* The nominal point-estimate of the core-damage frequency (quantified with the 
probabilities of all basic events set equal to a user-specified nominal value) 

* Mean and error factor of the sample 

* 0.05, 0.25, 0.50, 0.75, and 0.95 quantiles of the sample.  

The entire sample of the core damage frequencies generated by UNCERT is plotted to show 
the cumulative probability distribution and probability density functions. These plots are 
presented in Section 3.3.6.2.
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FIGURE 3.3.5.1 
Recovery Curve for Loss of Offsite Power 
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Risk Reduction. Risk reduction measures the maximum potential reduction in the total 
core damage and plant damage state frequencies if basic event failure probabilities are reduced 
to zero, one at a time. Risk reduction identifies components for which improved reliability 
(improved system design and operator procedures) could significantly diminish risk.  
The measure is calculated for an event Xj by determining the fractional change in top event 
frequency that results when the nominal probability of the event is set equal to zero: 

Risk reduction for Xj= g(X) - g(X I Xj= 0) 

where g(X) defines core damage frequency in terms of event probabilities.  

Risk Achievement Worth. Risk achievement worth measures the maximum potential 
increase in total core damage and plant damage state frequencies if the probability of a basic 
event increases to one. Risk increase identifies critical components and procedures-
particularly in preventive maintenance and testing--which, if allowed to become less reliable 
or effective, could worsen the risk profile. The measure is calculated by: 

Risk achievement worth for Xj= g(X I Xj= 1) - g(X) 

Uncertainty Importance. Uncertainty importance is a measure of the contribution the 
uncertainty associated with a basic event makes to the uncertainty associated with the total 
core damage and plant damage state frequencies. This measure identifies the basic events that 
drive uncertainty in the core damage frequency estimate and thus identifies where improved 
data analysis or increased data gathering is required. Uncertainty importance, UIj, for event 
Xj, is calculated as: 

UIj = [Var (Xj)]""(,g(X)/,OXj) 

The risk measures calculated by UNCERT facilitate the resolution of safety issues and provide 
insight into design and operational improvements, and factors, that are critical for reactor 
integrity and accident consequences.  

By computing each of these sensitivity and uncertainty measures in each simulation, sample 
distributions are also generated for each of the sensitivity measures as well as for the sequence 
being evaluated.  

UNCERT results for this study are presented in Appendix J, which provides a list of dominant 
accident sequence cut sets events ranked according to their contribution to total core damage 
and plant damage state frequencies. This measure is convenient for review and screening of 
the total core damage and plant damage state frequencies of the plant and dominant accident 
sequence equations. It identifies which cut sets can be eliminated from further consideration 
without compromising the requirement that some minimum threshold of the total core damage 
frequency be retained (e.g., 99 percent).
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3.3.5.4 Effect of Uncertainties on the Use of Results

Despite numerous causes of uncertainty in the quantitative results of an IPE, both quantitative 
and qualitative results provide useful information with which to assess the strengths and 
weaknesses of plant ability to respond to abnormal conditions. It is important to prevent the 
uncertainties in these results from setting aside valuable insights. The insights obtained in an 
evaluation of uncertainties should be integrated with other design and deterministic 
evaluations and used to make optimal decisions regarding modifications in operations and 
equipment.  

3.3.6 QUANTIFICATION OF SYSTEM UNAVAILABILITIES AND ACCIDENT 
SEQUENCE FREQUENCIES 

3.3.6.1 Approach 

Fault tree models were developed using EPRI's CAFTA software package [53]. The fault tree 
model logic and data were then converted to SETS code input prior to quantification of 
system unavailabilities and accident sequence frequencies. Quantification of the unavailability 
of systems required that the Boolean equation for and probability of each system fault tree top 
event be calculated. These system unavailabilities are presented in Table 3.3.6.1. The system 
unavailabilities were then combined with initiating event frequencies to yield the accident 
sequence frequencies..  

Accident sequence quantification involved: 

" Accident sequence cut set generation 

* Cut set modification 

" Analysis of results.  

Although the quantification of accident sequences can yield hundreds of thousands of 
sequence cut sets, most cut sets have negligible probabilities and add little to plant risk.  
Accordingly, they were eliminated from further consideration while ensuring that the causes 
of at least 95 percent of the accident sequence frequency are computed, a truncation value of 
10'-, excluding initiating event frequency, was used in accident sequence quantification to 
ensure this degree of examination.  

Accident Sequence Cut Set Generation. Accident sequences developed in the event 
tree were quantified by linking fault trees. Linking was performed by merging associated 
support-system fault tree models into the front-line system fault tree models and then 
combining individual fault tree models according to event tree sequence success/failure logic 
and the initiating event to form accident sequence equations. Each accident sequence
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Table 3.3.6.1 System Unavailablities

SytmUnavailabilty 

High Head Injection (Transients) 3.72E-05 

High Head Injection (Large Break LOCA) 3.98E-04 
Low Head Injection 4.15E-04 

High Head Internal Recirculation 1.04E-03 

Low Head Internal Recirculation 9.1 OE-04 

High Head External Recirculation 1.22E-02 

Low Head External Recirculation 1.21 E-02 
PORVs Reseat 2.29E-05 

480V ac - Diesel Generators 1.91E-02 

480V ac - Offsite Power 1.40E-03 

Non-Essential Service Water 1.83E-07 
Essential Service Water 1.06E-04 

Component Cooling Water 2.45E-03 

Auxiliary Feedwater - Transient 1.01 E-05 

Main Feedwater 7.20E-03 

Condensate 7.46E-03 

Containment Fan Cooler Units 5.08E-04 

Containment Spray (Injection) 4.90E-04 

Containment Spray (Internal Recirc) 1.69E-03 

Containment Spray (External Recirc) 1.24E-02



equation was then solved to obtain minimal cut sets. The quantified minimal cut sets were 
reviewed to gain insights into the dominant failure modes for the sequence.  

Cut Set Modification. The accident sequence minimal cut sets were examined to 
ensure that sequence success criteria were not violated (e.g., cut sets that result in station 
blackout appearing in non-station-blackout sequences).  

A second cut set manipulation entailed removing cut sets that imply technical specification 
violations. Because the method for modeling maintenance unavailability of each train of a 
system can create cut sets reflecting technical specification violations, the cut sets for all 
sequences were examined, and those including more than one instance of maintenance 
unavailability were identified. Cut sets that violated technical specifications were removed.  

Dominant accident sequence cut sets were also reviewed for potential human recovery actions.  
Once the appropriate human actions were identified, the associated non-recovery term and its 
human error probability were added to the dominant sequence cut sets for requantification.  
This process was performed as part of human reliability analysis; it is delineated in Section 
3.3.3.  

Finally, the calculated probability of the event tree top events in an accident sequence was 
combined with the initiating event frequencies to give the accident sequence frequency.  

3.3.6.2 Results 

The point estimate of the internal core damage frequency is 4.0 x 10-5/year; the mean core 
damage frequency is 4.4 x 1 05/year. These estimates were derived from the quantification of 
some 3982 accident sequences. Eight dominant accident sequences leading to core damage 
(four transient, two ATWS, one LOCA, and one SBO sequences) have frequencies >10 6'/year.  
Accident sequences, that contribute a total of 95 percent of the total core damage frequency 
are listed in Table 3.3.6.2. In this table, the sequences are ranked according to their 
contribution to core damage frequency.  

Transient initiated accident sequences contribute 28.89 percent of the internal core damage 
frequency; LOCA sequences contribute 20.07 percent; anticipated transients without scram 
(ATWS) sequences contribute 19.57 percent; sequences initiated by internal flooding 
contribute 14.69 percent; station blackout (SBO) sequences contribute 10.77 percent; steam 
generator tube rupture (SGTR) sequences contribute 5.46 percent; and ISLOCA sequences 
contribute 0.56 percent. The dominant internal core damage accident sequence cut sets are 
presented in Appendix 1. The dominant accident sequences are discussed below, particular 
attention being paid to their most important cut sets and key failure events.
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Table 3.3.6.2 Internal Core Damage Frequencies Before and After Recovery

SEQUENCE SEQUENCE DESIGNATOR SEQUENCE SEQUENCE APPLICABLE 
NUMBER FREQUENCY (/yr) FREQUENCY (I/yr) RECOVERY 

BEFORE AFTER ACTIONS 
RECOVERY RECOVERY

T3*/C*/Bl */P*/SL*AFW*MFW-T3*/HIf*FB-T2*/CFC 

T2*C*MFW*MT*/AFW*/MRI*PR-MRI 

TI */C*B2*/P*AFWT*B-IHRS

A*/B 1 */ACC*/HHM*/CFC*OLR-A 

T2*C*MFW*/TF*/AFW*MRI*PR-MRI 

TDC32*/C*/B 1 */P*AFW*/CFC

T2*/C*/B 1 */P*/SL*AFW*/H4H*FB-T2*/CFC 

TDC3 I*/C*/B 1 */P*AFW*/CFC 

T4*/C*/B 1 */TSGTR*/AFW*MSGI-T4*HH4*RV-T4* 
/LHI*CFC*/CSS*/CSRI 

CB-FLOOD*/P*/APP-R*/RCP-LOCA*AFWT 

TDC32*/C*/B I */P*AFW*CFC*CSS

3.28E-04 

3.88E-06 

1.57E-05 

2.69E-06 

1.69E-06 

1.05E-05

1.0IE-04 

1.00E-05 

8.98E-07 

8.38E-07 

9.04E-07

4.12E-06 Recovery of auxiliary feedwater building 
ventilation by opening roll-up door on high 
temperature alarm.  

3.88E-06 

2.66E-06 Using spare battery charger 35 in lieu of 
unavailable battery charger either during 
failure or maintenance.  

2.16E-06 Alarm of low RWST level from LC-921 when 
LT-920 does not function properly.  

1.69E-06 

1.46E-06 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.  

1.27E-06 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.  

1.08E-06 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.  

8.98E-07

8.38E-07 

7.58E-07 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.

CB-FLD-43 CB-FLOOD*/P*/APP-R*RCP-LOCA*/AFWT

T3-3-T2-18 

T2-32-TH-13A 

TI-26-TB-9 

A-6 

T2-32-TH-19A 

TDC32-2

T2-18 

TDC31-2 

T4-4-R-2 

CB-FLD-19 

TDC32-4

7.33E-07 7.33E-07



Table 3.3.6.2 Internal Core Damage Frequencies Before and After Recovery

SEQUENCE SEQUENCE DESIGNATOR SEQUENCE SEQUENCE APPLICABLE 
NUMBER FREQUENCY ( /yr) FREQUENCY ( /yr) RECOVERY 

BEFORE AFTER ACTIONS 
RECOVERY RECOVERY

CB-FLOOD*/P*/APP-R*/RCP-LOCA*AFWT 

TI*/C*/B2*/P*/SL*AFW*/HI*FB'TI*/CFC 

CB-FLOOD*/P*APP-R*/RCP-LOCA*/AFWT 

TDC3 I */C*/B 1 */P*AFW*CFC*CSS

CB-FLD-3 

TI-18 

CB-FLD-22 

TDC31-4 

T2-5 

TDC32-3 

TI-26-TB-2 

CB-FLD-46 

CB-FLD-6 

T3-3-T2-19 

TI-26-TB-3 

T3-3-T2-11

6.75E-07 

6.05E-07 

6.03E-07 

6.87E-07

4.80E-05 

6.92E-07 

9.13E-07 

5.27E-07 

4.85E-07 

4.76E-07 

7.07E-07 

4.41E-07

6.75E-07 

6.05E-07 

6.03E-07 

5.93E-07 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.  

5.86E-07 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.  

5.85E-07 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 

high temperature alarm.  

5.77E-07 Using spare battery charger 35 in lieu of 
unavailable battery charger either during 
failure or maintenance.  

5.27E-07 

4.85E-07 

4.76E-07 

4.58E-07 Placing spare battery charger 35 in lieu of 
unavailable battery charger either during 
failure or maintenance.  

4.41 E-07

T2*/C*/B 1*/P*/SL*AFW*/H*/FB-T2*/CFC*OHR-T2 

TDC32*/C*/BI*/P*AFW*CFC*/CSS 

TI */C*B2*/P*/AFWT*/ODEP-SBO*/B-BATT*SL-CU 

CB-FLOOD*/P*APP-R*/RCP-LOCA*/AFWT 

CB-FLOOD*/P*APP-R*/RCP-LOCA*/AFWT 

T3*/C*/B1*/P*/SL*AFW*MFW-T3*/HHI*FB-T2*CFC*/CSS 

TI */C*B2*/P*/AFWT*/ODEP-SBO*B-BATT 

T3*/C*/B I*/P*/SL*AFW*MFW-T3*/HHI*/FB-T2* 
CFC*/CSS*OHR-T2



Table 3.3.6.2 Internal Core Damage Frequencies Before and After Recovery

SEQUENCE SEQUENCE DESIGNATOR SEQUENCE SEQUENCE APPLICABLE 
NUMBER FREQUENCY (/yr) FREQUENCY (/yr) RECOVERY 

BEFORE AFTER ACTIONS 
RECOVERY RECOVERY

TDC31-3 

T3-5-S2-3 

S1-4

TSWS-1 59-TCCW- 15 

T2-28-S2-74 

TSWS-159-TCCW-6

T5-31 -TSGTR-3 

S2-4

T7-20

TDC3 I */C*/BI */P*AFW*CFC*/CSS 

T3*/C*/B 1 *P*/AFW*/HHI*/CFC*/ODEPR-S2*/OLR-S2* 
LHIR*LHER 

S I */B 1 */1fY*/AFW*/ACC*/CFC*/ODEPR-S I *OLR-S 1 

TSWS*SWSBRK-NON-ESSENTIAL* 
/P*/SLOCA-TCCW*AFW*/HH*FB-TCCW*CFC*/CSS 

T2*/C*/B 1 */P*SL*AFW*HHI*CFC*CSS 
TSWS*SWSBRK-NON-ESSENTIAL* 

/P*/SLOCA-TCCW*AFW*/Hfl*/FB-TCCW*/OHR-TCCW* 

/CWRHR-TCCW*HHER*CFC*/CSS 

A*/B I */ACC */HH1*/CFC*/OLR-A*/LHIR*HLR

T7*/C*/B 1 */Hlfl*/AFW*/SGISO*ORCS-L

T5*/C*/B I *TSGTR-I *HHf*/AFW*/SGISO*/ORCS-E* 
PRZRSPR*/PORV*PSGTR*/ODEP-SGTR*/ACC*/LHI* 
/OLR-SGTR*LHIR*LHER*CFC*/CSS 

S2*/C*/B l */AFW*/HHI*/CFC*/ODEPR-S2*OLR-S2 

T7*/C*/B 1 */HI*/AFW*/SGISO*/ORCS-L*PRZRSPR* 
PORV*NRWST-SGTR

1.49E-06 

3.93E-07 

5.15E-06 

4.86E-07 

3.72E-07 

4.03E-07

3.47E-06 

3.25E-07 

3.OOE-07 

2.79E-07 

2.34E-07

4.30E-07 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.  

3.93E-07 

3.88E-07 Alarm of low RWST level from LC-921 when 
LT-920 does not function properly.  

3.74E-07 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.  

3.72E-07 

3.66E-07 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.  

3.47E-07 Fraction of boric acid precipitation impeding 
long term core cooling 

3.25E-07

3.OOE-07 

2.79E-07 

2.34E-07



Table 3.3.6.2 Internal Core Damage Frequencies Before and After Recovery.

SEQUENCE SEQUENCE DESIGNATOR SEQUENCE SEQUENCE APPLICABLE 
NUMBER FREQUENCY (/yr) FREQUENCY ( /yr) RECOVERY 

BEFORE AFTER ACTIONS 
RECOVERY RECOVERY

CB-FLOOD*/P*/APP-R*/RCP-LOCA*AFWT 

V*VB-ISLOCA<6"*VL-OUTSIDE-VC*NRIRC* 
/AFW*/HHI*VISO 

T7*/C*/BI */HHI*/AFW*SG-OVERFILL*ORCS-L 

T4*/C*/B I *frSGTR*/AFW*MSGI-T4*/HHI *RV-T4* 
/LHI*/CFC 

CB-FLOOD*/P*/APP-R*RCP-LOCA*/AFWT 

CB-FLOOD*/P*/APP-R*/RCP-LOCA*AFWT 

CB-FLOOD*/P*/APP-R*RCP-LOCA*/AFWT 

CB-FLOOD*/P*APP-R*/RCP-LOCA*/AFWT 

T3*/C*/B 1 */P*SL*/AFW*/HHI*CFC*/CSS*/ODEPR-S2* 
/OLR-S2*LHIR*LHER 

CB-FLOOD*/P*/APP-R*RCP-LOCA*/AFWT 

T2*/C*/BI */P*/SL*AFW*/Ifn*FB-T2*CFC*/CSS 

T3*C*/MFW*/P*LTS 

T2*/C*/B 1 */P*/SL*AFW*/H*/FB-T2*CFC*/CSS*OHR-T2

2.20E-07 

2.12E-07 

2.05E-07 

1.98E-07 

1.86E-07 

1.71E-07 

1.63E-07 

1.58E-07 

1.58E-07 

1.50E-07 

1 .47E-07 

1.40E-07 

1.39E-07

2.20E-07 

2.12E-07 

2.05E-07 

1.98E-07 

1.86E-07 

1.71E-07 

1.63E-07 

1.58E-07 

1.58E-07 

1.50E-07 

1.47E-07 

1.40E-07

1.39E-07 Recovery of auxiliary feedwater building 

ventilation system by opening roll-up door on 
high temperature alarm.

T2*/C*/B I*/P*SL*AFW*/HHI*FB-S2*CFC*/CSS 1.30E-07

CB-FLD-51 

V4 

T7-46 

T4-4-R-1 

CB-FLD-20 

CB-FLD- 1I 

CB-FLD-44 

CB-FLD-54 

T3-4-S2-13 

CB-FLD-4 

T2-19 

T3-8-TH-3

T2-11

T2-28-$2-70 1.30E-07



Table 3.3.6.2 Internal Core Damage Frequencies Before and After Recovery

SEQUENCE SEQUENCE DESIGNATOR SEQUENCE SEQUENCE APPLICABLE 
NUMBER FREQUENCY (/yr) FREQUENCY ( /yr) RECOVERY 

BEFORE AFTER ACTIONS 
RECOVERY RECOVERY

A-30 

CB-FLD-14 

T2-29-S2-3 

TBF- I I 

TBF-13 

T7-7i 

T3-5-S2-13 

SI-14 

CB-FLD-24 

T3-8-TH-9 

T5-7-R-I 1 

T5-3 I -TSGTR-2

T3-5-S2-25

A*/B 1 */ACC*HHI*/LI*CFC*/CSS*/OLR-A*/LHIR* 
/CSIR*HLR 

CB-FLOOD*/P*APP-R*/RCP-LOCA*/AFWT 

T2*/C*/B I *P*/AFW*/HI*/CFC*/ODEPR-S2*/OLR-S2* 
LHIR*LHER 

T7*/C*/B 1 *IHHI */AFW*HARDWARE*ORCS-L 

T3*/C*/B 1 *P*/AFW*/HI*CFC*/CSS*/ODEPR-S2* 
/OLR-S2*LH1R*LHER 

S I */B 1 *I1HI*/AFW*/ACC*CFC*/CSS*/ODEPR-S I * 

OLR-SI 

CB-FLOOD*/P*/APP-R*/RCP-LOCA*/AFWT 

T3*C*MFW*/TT*/AFW*/MRI*/PR-MRI*/P*LTS 

T5*/C*/B I *f/SGTR*/AFW*MSIV-2*/HHI*RV-T5* 
LHI*CFC*CSS*/CSRI 

TS*/C*/B I *TSGTR-1 *HH]*/AFW*/SGISO*/ORCS-E* 
PRZRSPR*/PORV*PSGTR*/ODEP-SGTR*/ACC*/LH]* 
/OLR-SGTR*LHR*LHER*/CFC 

T3*/C*/B 1 * P*/AFW*/HHI*CFC*CSS*/ODEPR-S2* 
/OLR-S2*L1R*LHER

1.24E-07 

1.23E-07 

1.21E-07 

1 .20E-07 

1 .20E-07 

1. 16E-07 

1.12E-07 

1.11E-07 

1.05E-07 

1.04E-07 

1.03E-07 

1.03E-07 

9.99E-08

1.24E-07 

1.23E-07 

1.21E-07 

1.20E-07 

1.20E-07 

1.16E-07 

1.12E-07 

1.11E-07 

1.05E-07 

1 .04E-07 

1.03E-07 

1.03E-07 

9.99E-08



Table 3.3.6.2 Internal Core Damage Frequencies Before and After Recovery

SEQUENCE SEQUENCE DESIGNATOR SEQUENCE SEQUENCE APPLICABLE 

NUMBER FREQUENCY (/yr) FREQUENCY ( /yr) RECOVERY 
BEFORE AFTER ACTIONS 

RECOVERY RECOVERY

T3-8-TH-13

T5-33-TSGTR-3 

CB-FLD-35 

CB-FLD-48 

TI-26-TB-11

CB-FLD-8 

TSWS-1 59-TCCW-19

Ti-5 

A-24 

TCCW-166

TCCW-1 5

T3*C*MFW*frT*/AFW*/MRI*PR-MRI

T5*/C*/B I *TSGTR- I*H1H*/AFW*/SGISO*/ORCS-E* 
PRZRSPR*/PORV*PSGTR*/ODEP-SGTR*/ACC*/LHI* 
/OLR-SGTR*LH1R*LHER*CFC*/CSS 

CB-FLOOD*/P*/APP-R*/RCP-LOCA*AFWT 

CB.FLOOD*P*/APP-R*IRCP-LOCA*/AFWT

TI*/C*B2*P*/AFWT*B-2.5HRS

CB-FLOOD*P*/APP-R*/RCP-LOCA*AFWT 

TSWS*SWSBRK-NON-ESSENTIAL* 
/P*/SLOCA-TCCW*AFW*HH1*CFC*CSS

TI */C*/B2*/P*/SL*AFW*/HHI*IFB-TI */CFC*OHR-T1 

A*/B 1 */ACC*I*/LI*/CFC*/OLR-A*fLHIR*HLR

9.87E-08 

9.60E-08 

9.3 1E-08 

9.16E-08 

1. 19E-07 

8.44E-08 

8.16E-08 

2.98E-06 

7.27E-08

TCCW*/C*/BI*CCW-PIPE*/P*/SLOCA-TCCW* 9.26E-08 

AFW*CFC*/CSS

9.21 E-08TCCW*/C*/B 1 *CCW-PUMP*/P*/SLOCA-TCCW* 
AFW*/HHI*FB-TCCW*CFC*/CSS

9.87E-08 

9.60E-08 

9.3 1E-08 

9.16E-08

8.54E-08 Placing spare battery charger 35 in lieu of 
unavailable battery charger either during 
failure or maintenance.  

8.44E-08

8.16E-08

7.64E-08 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.  

7.27E-08 

7.1OE-08 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 

high temperature alarm.  

7.09E-08 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.



Table 3.3.6.2 Internal Core Damage Frequencies Before and After Recovery

SEQUENCE SEQUENCE DESIGNATOR SEQUENCE SEQUENCE APPLICABLE 
NUMBER FREQUENCY ( /yr) FREQUENCY (lyr) RECOVERY 

BEFORE AFTER ACTIONS 
RECOVERY RECOVERY

TCCW-6 

CB-FLD-38 

A-22 

T3-3-T2-10

T7-24

SI-3 

T2-29-S2-25 

T5-7-R-1

TI-26-TB-1-S2-13

TCCW*/C*/B I *CCW-PUMP*/P*/SLOCA-TCCW* 
AFW*/HH]*/FB-TCCW*/OHR-TCCW* 
/CWRHR-TCCW*HHER*CFC*/CSS 

CB-FLOOD*/P*/APP-R*RCP-LOCA*/AFWT 

A*/B l */ACC*/HUI *CFC*CSS*OLR-A 

T3 */C*/B I */P*/SL*AFW*MFW-T3 */HH] */FB-T2* 

CFC*/CSS*/OHR-T2*HHIR*HHER 

T7*/C*/B l */HIi */AFW*SG-OVERFILL*/ORCS-L* 
/PRZRSPR*RHR-SD*NTWST-SGTR 

S2*/C*/B I */AFW*/HH] */CFC*/ODEPR-S2*/OLR-S2* 
LHIR*LHER 

S I */B I */HHI*/AFW*/ACC*/CFC*/ODEPR-S I */OLR-S1 * 

LHIR*LHER 

T2*/C*/B I *P*/AFW*/IJl*CFC*CSS*/ODEPR-S2* 
/OLR-S2*LHIR*LHER 

T5*/C*/BI*/rSGTR*/AFW*MSIV-2*/HHI*RV-T5* 
/LHI*/CFC 

TI */C*B2*/P*/AFWT*/ODEP-SBO*/B-BATT*/SL-NCU* 
/AFW*/HH]*CFC*/CSS*/ODEPR-S2*/OLR-S2*LHIR*LHER

7.65E-08

6.69E-08 

6.69E-08 

6.27E-08 

6.25E-08 

6.11 E-08 

5.92E-08 

5.89E-08 

5.64E-08 

5.44E-08

6.94E-08 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.  

6.69E-08 

6.69E-08

6.27E-08 

6.25E-08 

6.11 E-08 

5.92E-08 

5.89E-08 

5.64E-08 

5.44E-08



Table 3.3.6.2 Internal Core Damage Frequencies Before and After Recovery

SEQUENCE SEQUENCE DESIGNATOR SEQUENCE SEQUENCE APPLICABLE 
NUMBER FREQUENCY I /yr) FREQUENCY ( /yr) RECOVERY 

BEFORE AFTER ACTIONS 
RECOVERY RECOVERY

T5-3 I -TSGTR-6 

SI-8 

S2-25

T5*/C*/B 1 *TSGTR- I*HH*/AFW*/SGISO*/ORCS-E* 
PRZRSPR*/PORV*PSGTR*/ODEP-SGTR*/ACC*/LHI* 
OLR-SGTR*/CFC 

S I *IB 1 */IHI*/AFW*/ACC*/CFC*ODEPR-S 1 *OLR-S I 

S2*/C*/B 1 */AFW*/HI*CFC*CSS*/ODEPR-S2* 
/OLR-S2*LHIR*LHER

5.40E-08 

5.29E-08 

5.16E-08

5.40E-08 

5.29E-08 

5.16E-08

T3*/C*B I*B2*/P*AFWT*B-I HRS

T2*/C*IB I */P*/SL*AFW*/HHI*/FB-T2*/CFC*/OHR-T2* 
HHIR*HHER 

SI */B 1 */HH*/AFW*/ACC*CFC*CSS*/ODEPR-S 1 * 

/OLR-S1 *LHIR*LHER 

CB-FLOOD*/P*/APP-R*RCP-LOCA*/AFWT 

T5*/C*/B1 *TSGTR- I *fHHT*/AFW*/SGISO*/ORCS-E* 
PRZRSPR*/PORV*PSGTR*/ODEP-SGTR*/ACC*/ILH]* 
/OLR-SGTR*LHR*LHER*CFC*/CSS 

T2*/C*/B */P*SL*/AFW*/HlHI*CFC*/CSS*/ODEPR-S2* 
OLR-S2 

A*/B 1 */ACC*HHI*/LHI*CFC*CSS*/OLR-A*LHIR*LHER 

S2*/C*/B 1 */AFW*/HHI*/CFC*ODEPR-S2*OHR-S2

5.15E-07 

1.37E-06

4.96E-08 

4.88E-08 

4.71E-08 

4.55E-08 

4.55E-08 

4.42E-08

A*/B 1 */ACC*/HHI*CFC*/CSS*/OLR-A*/LHIR*/CSIR*HLR 4.35E-08

5.15E-08 Placing spare battery charger 35 in lieu of 
unavailable battery charger either during 
failure or maintenance.  

4.97E-08 Recovery of auxiliary feedwater building 
ventilation system by opening roll-up door on 
high temperature alarm.

4.96E-08 

4.88E-08 

4.71E-08 

4.55E-08 

4.55E-08 

4.42E-08 

4.35E-08

T3-7-TB-9

SI-25 

CB-FLD-52

T5-32-TSGTR-3 

T2-28-$2-14 

A-43 

S2-8



Table 3.3.6.2 Internal Core Damage Frequencies Before and After Recovery

SEQUENCE SEQUENCE DESIGNATOR SEQUENCE SEQUENCE APPLICABLE 
NUMBER FREQUENCY ( /yr) FREQUENCY (/yr) RECOVERY 

BEFORE AFTER ACTIONS 
RECOVERY RECOVERY 

T2-32-TH-3 T2*C*/MFW*/P*LTS 4.32E-08 4.32E-08 

TAC6A-5 TAC6A*/C*/BI *AFW*MFW*/HHI*/FB-TAC6A*/CFC* 4.25E-08 4.25E-08 
/OHR-TAC6A*HHIR*HHER 

T7-146 T7*/C*B 1*/B2*/HHI*/AFW*/SGISO*ORCS-L 3.98E-08 3.98E-08 

TAC6A-19 TAC6A*/C*/B I *AFW*MFW*/HHI*FB-TAC6A*/CFC 3.95E-08 3.95E-08 

T3-4-S2-4 T3*/C*/B! */P*SL*/AFW*/HHI*/CFC*/ODEPR-S2*OLR-S2 3.94E-08 3.94E-08 

CB-FLD-12 CB-FLOOD*/P*APP-R*SL*/AFW 3.81E-08 3.81E-08 

TBF-2 TB-FLOOD*/C*/B I */P*/APP-R*/SL*AFW 3.75E-08 3.75E-08 

T3-5-S2-4 T3*/C*/BI*P*/AFW*/HHl*/CFC*/ODEPR-S2*OLR-S2 3.72E-08 3.72E-08 

S2-50 S2*/C*/B 1*/AFW*I */ODEP-S2*LHI*CFC*/CSS 3.72E-08 3.72E-08 

T3-7-TB-2 T3 */C*B I *B2*/P*/AFWT*/ODEP-SBO*/B-BATT* SL-CU 3.70E-08 3.70E-08 

e S1-91 S I */B 1 * HI*/AFW*/ACC */ODEP-S I *LHI*CFC*/CSS 3.70E-08 3.70E-08 

SI-I01 S I */B I *HHI*AFW*CFC*CSS 3.60E-08 3.60E-08 

S2-74 S2*/C*/BI*AFW*HHI*CFC*CSS 3.55E-08 3.55E-08



Accident Sequence 1: T3-3-T2-18 
(T3*/C*/BI*/P*/SL*AFW*MFW-T3*/HHI*FB-T2*/CFC) 

4.12 x 1 06/year mean CDF, representing 9.36 percent of internal CDF; 86 cut sets.  

This accident sequence is initiated by a turbine trip (T3). The reactor is tripped (/C). Offsite 
power is available to 6.9-kV and 480-V buses (/B1). Pressurizer PORVs successfully reclose 
when opened to depressurize (/P). Reactor coolant pump seal cooling and injection are 
available (/SL). Auxiliary feedwater fails and main feedwater is tripped as directed by the 
emergency operating procedures (AFW * MFW-T3). Upon failure of auxiliary feedwater, the 
operators will initiate bleed-and-feed cooling. High-head injection pumps are available 
(/HHI). However, as a result of operator error or PORV failure, bleed-and-feed cooling is 
unsuccessful (FB-T2). While containment fan coolers are available for containment heat 
removal (/CFC), they do not prevent core damage.  

The top cut set, with a frequency of 2.3 x 106/year, entails the failure of auxiliary feedpump 
building ventilation inlet louver L-314 and the failure of operators to initiate bleed-and-feed 
cooling. This former failure results, in turn, in the failure of all three auxiliary feedwater 
pumps.  

The remaining two dominant cut set of 4.7 x 10-7/year involve ventilation failure and failure 
of individual PORVs to open.  

Recovery of auxiliary feedwater building ventilation was considered in this sequence. A 
probability of non-recovery of 0.01 was assumed.  

Accident Sequence 2: T2-32-TH-13A (T2*C*MFW*/TT*/AFW*/MRI*PR-MRI) 

3.88 x 10-6/year mean CDF representing 8.82 percent of internal CDF; one minimal cut set is 
responsible for the entire contribution to the accident sequence CDF.  

This accident sequence is initiated by a loss of main feedwater (T2). The reactor fails to trip 
(C). Offsite ac power is available to the 6.9-kV and 480-V buses (/B1). Operator initiated 
manual rod insertion is successful (/MRI). However, given the closed PORV block valves, 
RC-MOV-535 and RC-MOV-536, unfavorable exposure time, and the dynamics of the event, 
RCS pressure control is unsuccessful (PR-MRI). Subsequently, peak RCS pressure exceeds 
3200 psig, and a pressure-induced LOCA results that precludes RCS inventory make-up.  
Without adequate coolant makeup, core damage and a vulnerable containment result.  

As noted in Section 1.5.1.1, a significant reduction in the frequency of core damage caused by 
this sequence is anticipated because of the replacement of the PORVs during the 1993 outage.  
The elimination of leakage through the PORVs will allow the block valves to remain open 
during operation.
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Accident Sequence 3: T1-26-TB-9 (TI*/C*B2*/P*AFWT*B-1HRS)

2.66 x 10-6/year mean CDF representing 6.05 percent of internal CDF. 1686 cut sets.  

This accident sequence is initiated by loss of offsite power (TI). The reactor is tripped (/C).  
Emergency diesel generators 31 and 32 (or three emergency diesel generators) fail to start or 
load on to their respective buses (B2). The pressurizer PORVs are available to relieve 
reactor coolant pressure. Steam turbine-driven auxiliary feedwater pump 32 is unavailable for 
secondary side cooling. Offsite power to the 480-V buses is not restored in time to prevent 
core damage (B-1HRS).  

The top cut set entails maintenance of service water pump 36 and battery charger 31. Battery 
depletion will fail de power panel 31 and will result in the loss of a second service water 
pump on the essential header and inadequate service water flow to the cooling jackets of all 
three emergency diesel generators. This cut set has a frequency of 5.7 x 1 07/year. Other key 
contributors to the accident sequence are combinations of random failures of 480-V bus 
undervoltage relays along with dc and service water system failures.  

Recovery using spare battery charger 35 was included in this sequence. A probability of non
recovery of 0.1 was assumed.  

Accident Sequence 4: A-6 (A*/BI*/ACC*/HHI*/CFC*OLR-A) 

2.16 x 106/year mean CDF representing 4.91 percent of internal CDF. 3 cut sets.  

This accident sequence is initiated by a large break LOCA (A). The reactor is tripped (/C).  
The accumulators successfully inject into the intact legs of the reactor coolant system (/ACC).  
High-head injection and containment fan coolers are successful (/HHI*/CFC). However, the 
operator fails to initiate recirculation when the RWST depletes (OLR-A) and core damage 
results.  

The top cut set has a frequency of 2.10 x 10"6/year and entails the failure of the operator to 
initiate recirculation. The other cut sets entail the loss of indication of RWST level because 
of failure or miscalibration of level transmitter LT-920.  

Recovery of LT-920 failures was considered in this sequence. Since the low level is also 
annunciated by level switch LC-921, recovery using the annunciation provided by LC-921 
was included in the sequence. A non-recovery probability of 0.1 was assumed.
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Accident Sequence 5: T2-32-TH-19A ( T2*C*MFW*/TT*/AFW*MRI*PR-MRI) 

1.69 x 10-6/year mean CDF representing 3.84 percent of internal CDF; this sequence 
comprises one cut set.  

This accident sequence is similar to accident sequence 3 (T2-32-TH-13A) except that the 
operator is unsuccessful in initiating manual rod insertion (MRI).  

Accident Sequence 6: TDC32-2 (TDC32*/C*/Bl*/P*AFW*/CFC) 

1.46 x 106/year mean CDF representing 3.32 percent of internal CDF. 354 cut sets.  

This accident sequence is initiated by a loss of 125-Vdc power panel 32 (TDC32). The 
reactor is tripped (/C). Offsite power is available to the 6.9-kV and 480-V busses (/B1). The 
available PORV reseats if required to relieve reactor coolant pressure (/P). The auxiliary 
feedwater system fails (AFW). With one PORV unavailable, feed-and-bleed cooling will not 
be possible and core damage will result. Early containment overpressure control is provided 
by the fan coolers (/CFC).  

The top cut set, which entails failure to start of turbine-driven auxiliary feedwater pump 32 
while pump 31 is in maintenance, has a frequency of 1.45 x 107/year. In this cut set, 
auxiliary feedwater pump 33 is unavailable because of a loss of circuit breaker control. Other 
key contributors to this sequence are failure of the auxiliary feedwater pump building 
ventilation inlet louver L-314 and combinations of random failures of auxiliary feedwater 
pumps 31 and 32.  

Recovery of ventilation was incorporated in this sequence. A probability of non-recovery of 
0.01 was assumed.  

Accident Sequence 7: T2-18 (T2*/C*/BI*/P*/SL*AFW*/HHI*FB-T2*/CFC) 

1.27 x 10 6/year mean CDF, representing 2.89 percent of internal CDF. 86 cut sets.  

This accident sequence is initiated by a loss of main feedwater (T2). Otherwise, it is similar 
to accident sequence 1 (T3-3-T2-18).  

Accident Sequence 8: TDC31-2 (TDC31*/C*/BI*/P*AFW*/CFC) 

1.08 x 10 6/year mean CDF, 2.45 percent of internal CDF. 233 cut sets.  

This accident sequence is initiated by a loss of 125-Vdc power panel 31 (TDC31).
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Otherwise, it is similar to accident sequence 8 (TDC32-2).

The top cut set, which entails the common-cause failure of both motor-driven auxiliary 
feedwater pumps 31 and 33, has a frequency of 1.07 x 106/year. Other key contributors are 
failures of the motor-driven auxiliary feedwater pumps and the auxiliary feedwater building 
ventilation system.  

Recovery of ventilation was incorporated in this sequence. A probability of non-recovery of 
0.01 was assumed.  

3.3.6.3 Importance Measures 

The importance measures examined in this study were risk reduction, risk achievement worth, 
and uncertainty. These measures are defined in Section 3.3.5. Each measure was evaluated 
for the internal core damage frequency and each dominant accident sequence. The results are 
presented in Appendix J. By examining the dominant cut sets, the failures that drive risk 
were identified. Table 3.3.6.3 presents the twenty dominant cut sets together with their point 
estimate mean frequencies and corresponding accident frequency.  

The dominant individual basic events that drive the core damage frequency are those related 
to a loss of auxiliary feedwater and failure of bleed-and-feed cooling. Of these, the largest 
contribution comes from a failure of auxiliary feedwater ventilation louver L-314; the next 
largest contribution comes from ATWS related failures with reactor protection system failure 
predominating.  

The most important events as measures by risk reduction, risk achievement worth, and 
uncertainty are listed in Tables 3.3.6.3, 3.3.6.4, and 3.3.6.5, respectively. The most important 
risk reduction events are: 

" Loss of main feedwater (initiating event) 

" Turbine trip (initiating event) 

* AFW room inlet louver L-314 fails to open 

" Non-recovery of AFW pump room ventilation 

* Failure of the reactor protection system 

* Battery charger 31 in maintenance.
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Table 3.3.6.3 Dominant Events Sorted by Risk Reduction

Probability or Risk Reduction 

Ranking Event Name Description Frequency Measure

1 IE-T2 
2 IE-T3 
3 AFV-MOD-CC-IL314 
4 NR-AFBV 
5 C 
6 SL-T2-SUCC 
7 DC I-MAI-MA-BCC31 
8 MRI-SUCC 
9 FB-T2 
10 PRI 
11 AFW-TDP-FR-TDP32 
12 IE-T1 
13 SWS-BRK-ESS 
14 IE-A 
15 IE-TDC32 
16 AC4-RCI-FE-U 1-6A 

17 B-1HR 
18 IE-T7 
19 VISO 
20 PPR-PHN-CC-RC535

LOSS OF MAIN FW INITIATOR 
TURBINE TRIP W/ FW AVAIL INITIATOR 

AFW ROOM INLET LOUVER L-314 FAILS TO OPN 

NON-RECOVERY OF AUX FW BLDG VENTILATION 
REACTOR PROTECTION SYSTEM FAILURE 
SEAL LOCA SUCCESS T2 
BATT CHGR 31 IN MAINTENANCE 
SUCCESS OF MANUAL ROD INSERTION 
BLEED AND FEED INITIATION 
ATWS PRESSURE RELIEF 
AFW TDP 32 FAILS TO CONTINUE TO RUN 
LOSS OF OFFSITE POWER INITIATOR 
FLAG - BREAK IN ESSENTIAL SW PIPING 
LARGE BREAK LOCA INITIATOR 
LOSS OF 125V DC PP 32 INIT 
UV REL 27-1/6A DOES NOT ENERGIZE 

FAILURE TO RESTORE OSP IN 1 HOUR 

STEAM GEN TUBE RUPTURE INITIATOR 

OPERATOR FAILS TO ISOLATE DURING ISLOCA 

BLK VLV RC-MOV-535 SHUT DUE TO LEAK PORV

1.11 E+00 
3.60E+00 
3.OOE-03 
1.00E-02 
1.62E-05 
1.00E+00 
9.64E-03 
8.OOE-0 1 
2.1OE-02 
2.70E-0 1 
9.43E-03 
6.80E-02 
1.00E+00 
4.77E-04 
3.OOE-03 
3.12E-03 
4.70E-0 I 
5.OOE-03 
I.OOE-0 I 
1.00E+00

8.37E-06 
6.42E-06 
6.20E-06 
6.03E-06 
5.97E-06 
5.95E-06 
4.67E-06 
4.14E-06 
3.93E-06 
3.88E-06 
3.48E-06 
3.36E-06 
3.24E-06 
2.76E-06 
2.67E-06 
2.67E-06 
2.34E-06 
2.12E-06 
2.12E-06 
2.1OE-06



Table 3.3.6.4 Dominant EvA Sorted by Risk Increase

Event Name

C 
DC 1-BDC-ST-PP-32 
IE-TBF 
CCWS-ISLOCA-5 
CCWS-ISLOCA-4 
CCWS-ISLOCA-8 
CCWS-ISLOCA-6 
CVCS-ISLOCA-2 
SIS-ISLOCA-3 
CCWS-ISLOCA-1 
RHR-ISLOCA-6 
RHR-ISLOCA-7 
RHR-ISLOCA-8 
SIS-ISLOCA-858A 
IE-1OFP 
IE-4FP 
IE-IACCW 
IE-4FP-A 
IE-3SW 
IE-3SW-AC

Description 

REACTOR PROTECTION SYSTEM FAILURE 
PANEL FAULTS AT DC PWR PNL 32 
TURBINE BUILDING FLOOD INITIATOR 
CCW LINE 658 SI CHK VLV ISLOCA 
CCW LINE 336 SI CHK VLV ISLOCA 
CCW SAMPLE HX ISLOCA 
CCW LN 149 OPRESS OF NR HX ISLOCA 
CVCS EXCESS LETDOWN LINE ISLOCA 
SI LINE 16 ISLOCA 
CCW LINE 52A RCP THERMAL BARRIER ISLOCA 
RHR LINE 337 ISLOCA 
RHR LINE 3042 ISLOCA 
RHR LINE 3043 ISLOCA 
ISLOCA OCCURS AT CHK VLV 858A 
BREAK IN 10-IN FIRE PROT LINE INIT 
BREAK IN 4-IN FIRE PROT LINE INIT 
RUPTURE OF IACCW LINE IN THE CONTROL BLDG 
BREAK IN 4-IN FIRE PROT LINE INIT 
BREAK IN 3-IN SW LINE INIT 
BREAK IN 3-IN SW AC LINE INIT

Probability 
Frequency 
1.62E-05 
4.39E-06 
1.86E-06 
5.64E-06 
5.64E-06 
5.23E-06 
3.29E-06 
1.02E-06 
2.26E-07 
3.73E-08 
3.45E-08 
3.45E-08 
3.45E-08 
3.38E-08 
2.62E-05 
2.29E-05 
2.11E-05 
6.88E-06 
5.36E-06 
2.91E-06

or Risk Increase 
Measure 
3.36E-01 
1.59E-01 
1.43E-01 
1.00E-01 
I.OOE-01 
1.00E-01 
1.00E-0 I 
1.00E-01 
I.00E-0 I 
1.00E-0 I 
1.00E-0 I 
1.00E-0 I 
1.00E-01 
1.00E-0 1 
7.03E-02 
7.03E-02 
7.03E-02 
6.66E-02 
5.99E-02 
5.99E-02

Ranking



Table 3.3.6.6 Dominant Events Sorted By Uncertainty Importance

Uncertainty 

Probability or Importance 

Ranking Event Name Description Frequency Measure

1 C 
2 DC1-BDC-ST-PP-32 
3 IE-TBF 
4 CCWS-ISLOCA-8 
5 CCWS-ISLOCA-5 
6 CCWS-ISLOCA-4 
7 CCWS-ISLOCA-6 
8 CVCS-ISLOCA-2 
9 SIS-ISLOCA-3 
10 CCWS-ISLOCA-1 
11 RHR-ISLOCA-6 
12 RHR-ISLOCA-7 
13 RHR-ISLOCA-8 
14 SIS-ISLOCA-858A 
15 IE- 1OFP 
16 IE-4FP 
17 IE-IACCW 
18 IE-4FP-A 
19 IE-3SW 
20 IE-3SW-AC

REACTOR PROTECTION SYSTEM FAILURE 
PANEL FAULTS AT DC PWR PNL 32 
TURBINE BUILDING FLOOD INITIATOR 
CCW SAMPLE HX ISLOCA 
CCW LINE 658 SI CHK VLV ISLOCA 
CCW LINE 336 SI CHK VLV ISLOCA 
CCW LN 149 OPRESS OF NR HX ISLOCA 
CVCS EXCESS LETDOWN LINE ISLOCA 
SI LINE 16 ISLOCA 

CCW LINE 52A RCP THERMAL BARRIER ISLOCA 
RHR LINE 337 ISLOCA 
RHR LINE 3042 ISLOCA 
RHR LINE 3043 ISLOCA 
ISLOCA OCCURS AT CHK VLV 858A 
BREAK IN 10-IN FIRE PROT LINE INIT 
BREAK IN 4-IN FIRE PROT LINE INIT 
RUPTURE OF IACCW LINE IN THE CONTROL BLDG 
BREAK IN 4-IN FIRE PROT LINE INIT 
BREAK IN 3-IN SW LINE INIT 
BREAK IN 3-IN SW AC LINE INIT

1.62E-05 4.70E-01
4.39E-06 
1.86E-06 
5.23E-06 
5.64E-06 
5.64E-06 
3.29E-06 
1.02E-06 
2.26E-07 
3.73E-08 
3.45E-08 
3.45E-08 
3.45E-08 
3.38E-08 
2.62E-05 
2.29E-05 
2.11E-05 
6.88E-06 
5.36E-06 
2.91 E-06

2.23 E-01 
2.OOE-0 I 
1.40E-01 
1.00E-0 I 
! .00E-0 I 
I.OOE-0 I 
1.00E-0 I 
1.00E-01 
I.OOE-0I 
I.OOE-0 I 
1.00E-0 I 
1.00E-0 I 
1.00E-0 I 
9.84E-02 
9.84E-02 
9.84E-02 
9.32E-02 
8.38E-02 
8.38E-02



The most important risk achievement worth events are: 

0 Failure of the reactor protection system 

M Panel faults at 125-Vdc power panel 32 

M Turbine building flood (initiating event) 

N Various ISLOCA initiating events 

* Various control building flood initiating events.  

The most important contributors to risk uncertainty are: 

0 Failure of the reactor protection system 

E Panel faults at 125-Vdc power panel 32 

a Various ISLOCA initiating events 

* Various control building flood initiating events 

M Common-cause failure of 480-V switchgear.  

3.3.6.4 Sensitivity Analysis 

A sensitivity analysis was performed to assess the change in the point estimate of core 
damage frequency that results if the pressurizer PORV block valves are assumed to be open.  
With open block valves, a 68 percent reduction in the contribution of ATWS events to core 
damage frequency can be anticipated.
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3.4 DECAY HEAT REMOVAL EVALUATION AND UNRESOLVED 
SAFETY ISSUES 

3.4.1 DECAY HEAT REMOVAL EVALUATION -- UNRESOLVED SAFETY ISSUE 
A-45 (USI A-45) 

3.4.1.1 Introduction 

USI A-45 concerns the adequacy of decay heat removal (DHR) systems and the various 
corrective actions taken to enhance DHR. The analysis and results presented in Sections 3.1, 
3.2, and 3.3 were used to evaluate USI A-45.  

A loss of decay heat removal during plant transients will ultimately result in reactor coolant 
system water boil-off and a subsequent challenge to core and containment integrity. Five 
means of DHR were examined to identify specific vulnerabilities that might lead to core 
damage: 

" Reactor coolant system (RCS) cooldown 

* Secondary heat removal 

" Safety injection 

" Recirculation cooling 

" Bleed-and-feed.  

At IP3 the operation of systems required to support these five means of DHR can be 
summarized as follows: 

m In transients and small LOCAs, the auxiliary feedwater (AFW) system provides secondary 
heat removal from the steam generators. Steam is generated and dumped to the 
atmosphere (through the atmospheric steam dump valves or steam generator safety relief 
valves) or to the main condenser (through condenser steam dump valves). For transients 
in which the main feedwater is tripped, should the reactor trip with no safety injection 
signal, and the AFW system fail, main feedwater may be recovered to provide decay heat' 
removal. Alternatively, secondary heat removal can be accomplished by depressurizing 
the secondary side and establishing direct condensate feed to the steam generators.  
Failure of the AFW, main feedwater and condensate systems requires primary bleed-and
feed cooling to remove decay heat. For small LOCAs and transients in which bleed-and
feed core cooling occurs, long-term DHR is performed by high-head recirculation cooling 
because RCS pressure remains high. For small LOCAs with successful AFW operation,
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long-term DHR is performed by cooling the RCS using steam generator depressurization 
and depressurizing the RCS by opening pressurizer spray valves or PORVs.  

m In large and mediums LOCAs, decay heat is transferred from the reactor core to the 
containment using the high-head safety injection pumps or low-head RHR pumps. Upon 
depletion of the refueling water storage tank (RWST) inventory, decay heat is removed 
from the reactor core and containment by low-head recirculation cooling.  

The means of decay heat removal are described in the following section.  

3.4.1.2 Decay Heat Removal Functions 

Reactor Coolant System (RCS) Cooldown, After transients and small LOCAs, long
term decay heat removal entails a reduction in RCS temperature and pressure. The 
components used to achieve this reduction are: 

* The atmospheric dump valves (ADVs). The ADVs are normally closed air-operated 
valves designed to fail closed on loss of power or instrument air. They are normally 
operated in the automatic mode and are set to open at 1055 psig. At their set pressure, 
the ADVs have a combined relief capacity of 10 percent of maximum steam flow.  

The ADVs may also be manually operated from the control room, by placing their 
individual manual/auto switch to manual, or locally at the local panel in the auxiliary 
boiler feed pump building. Backup compressed nitrogen bottles are provided at the local 
station. These bottles permit ADV operation should instrument air header pressure be 
lost.  

" The pressurizer PORVs. The function of the PORVs is to relieve RCS pressure at a set 
point below the set point of the SRVs, discharging steam to the pressurizer relief tank.  
The PORVs are described in Section 3.2.2.12.  

RCS cooldown and depressurization is performed in the following events: 

* During small LOCAs and certain intermediate LOCA sequences. Rapid RCS cooldown 
(depressurization) is required should high-head safety injection fail. Emergency operating 
procedure FR-C.1, "Response to Inadequate Core Cooling," provides specific instructions 
for steam generator secondary-side depressurization or PORV opening to achieve RCS 
depressurization allowing low-head safety injection. Credit was taken in the event tree 
model for RCS cooldown and depressurization.  

* In small LOCAs. Emergency operating procedure ES-1.2, "Post-LOCA Cooldown and 
Depressurization," provides instructions for RCS cooldown to allow RHR shutdown 
cooling or low-head internal/external recirculation cooling. Credit was taken in the event
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tree model for low-head internal/external recirculation cooling decay heat removal; RHR 
shutdown cooling was not considered because it was assumed that the location of the 
break precludes RHR operation.  

m For steam generator tube rupture, emergency operating procedure E-3, "Steam Generator 
Tube Rupture," provides the operator with specific instructions to perform manual RCS 
cooldown, followed by RCS depressurization using pressurizer sprays or by opening a 
single PORV. Credit was taken in the event tree model for these actions.  

m During a station blackout, emergency operating procedure ECA-0.0, "Loss of All AC 
Power," directs the operator to depressurize the steam generators to 195 psig. This action 
increases the time available for ac power recovery because RCS pressure and temperature 
are reduced and consequently the rate of reactor coolant pump (RCP) seal leakage 
decreases.  

Secondary Heat Removal. The AFW system provides secondary heat removal from the 
steam generators in transients and small LOCAs by allowing the generation and dumping of 
steam to the atmosphere (through the atmospheric steam dump valves or steam generator 
safety relief valves) or to the main condenser (through condenser steam dump valves). The 
pumps will start automatically on: 

m The loss of a main feedwater pump.  

m A low-low water level in any of the four steam generators.  

* A safety injection signal.  

m Loss of offsite power with no safety injection signal.  

m An ATWS mitigation system actuation circuitry (AMSAC) trip signal.  

The AFW system is described in more detail in Section 3.2.2.2.  

Should the AFW system fail to function, emergency operating procedure FR-H. 1, "Response 
to Loss of Secondary Heat Sink," provides specific instructions for restoring AFW and, if 
necessary, aligning the condensate system. Credit was taken in the event tree model for use 
of the AFW system in decay heat removal. For sequences where the condensate system is 
expected to be available, depressurization of the secondary to establish direct condensate feed 
was also credited. However, because the steam generator level setpoint for manual initiation 
of bleed-and-feed cooling will be reached before condensate system operation can be 
established, secondary cooling using the condensate system was only questioned after failure 
of both AFW and bleed-and-feed cooling. No credit was given to the restoration of main 
feedwater due to the lack of explicit guidance in procedure FR-H. 1.
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The AFW steam line break protection logic consists of temperature sensors set to close steam 
admission supply valves PCV-131OA/B to the AFW steam-turbine-driven pump at 130 'F.  

Following an SBO event and subsequent battery depletion, it is possible to control the AFW 
steam-turbine-driven pump locally. Credit was taken for eight hours of AFW operation 
during an SBO.  

Emergency operating procedure ES-0.1, "Reactor Trip Response," provides specific 
instructions for restoring main feedwater upon a loss of AFW. Credit was taken in the event 
tree model for using the main feedwater system for decay heat removal.  

Safely Injection. The low-head safety injection (LHSI) system removes decay heat from 
the core during LOCAs by injecting borated water from the RWST into the reactor vessel. In 
small LOCAs, the RCS must.be depressurized prior to using the LHSI system; in large and 
intermediate LOCAs, the LOCA itself will rapidly depressurize the RCS. Once the RWST 
inventory is exhausted, the LHSI system is manually switched to its recirculation mode of 
operation.  

The high-head safety injection (HHSI) system removes decay heat from the core during small 
LOCAs and sequences that involve bleed-and-feed decay heat removal by injecting borated 
water from the RWST into the reactor vessel. As with LHSI, once the RWST inventory is 
exhausted, the HHSI system is manually switched to its high-head recirculation mode of 
operation.  

Recirculation Cooling. The recirculation system provides long-term core cooling and 
containment spray after the occurrence of transients and LOCAs. The system recirculates 
sump water into the reactor core and through containment spray nozzles after cooling it in the 
RHR heat exchangers. The recirculation system is operated in high-pressure modes in 
transients and small LOCAs, in low-pressure modes in intermediate and large LOCAs, and in 
hot leg recirculation modes in large LOCAs.  

The recirculation system operates after manual switchover from the injection phase of 
operation, when the water level in the RWST falls to the low-level (9.2 ft) alarm setpoint.  
Core cooling is achieved by the recirculation system in six modes of operation. Different 
systems and components run in each. The six modes are described in Section 3.2.2.9.  

For large and intermediate LOCAs and sequences that involve bleed-and-feed decay heat 
removal, the containment fan coolers can remove containment heat if the RHR heat 
exchangers or associated support systems (CCW or SWS) fail. The success criterion for use 
of the containment fan coolers is that at least three containment fan cooler units remove heat 
and water vapor from containment. If the containment fan coolers are unavailable during the 
recirculation phase, a fraction of the flow from the recirculation/RHR pumps can be aligned to 
the containment spray headers -- the containment spray pumps can only take suction from the 
RWST.
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Bleed-and-Feed. Emergency operating procedure FR-H. 1 "Response to Loss of 
Secondary Heat Sink," provides specific instructions for the initiation of primary bleed-and
feed cooling, given a total loss of secondary heat removal. To determine the time available to 
initiate this function, attention must be paid to the 1500-psig low shut off head of the high
head safety injection pumps and the PORV capacity-to-power ratio (118 lb/hr/MWt). The 
criterion for establishing bleed-and-feed cooling at IP3 is a wide range level in any two steam 
generators less than 68 percent. Because of this relatively high criterion for establishing 
bleed-and-feed cooling, the operators have been trained to initiate bleed-and-feed cooling prior 
to establishing secondary heat removal using the condensate system.  

The success criterion for bleed-and-feed operation in small LOCAs is the manual opening of 
one PORV and the injection of water via one-of-three HHSI pumps. The success criterion for 
bleed-and-feed operation in transients is the manual opening of both PORVs and the injection 
of water via one HHSI pump.  

3.4.1.3 Results 

'Decay heat removal functions and the relative importance of their failures in causing core 
damage are presented in Table 3.4.1.1.  

Approximately 50.4 percent of the calculated core damage frequency results from sequences 
that entail failure of auxiliary feedwater (AFW) system. In these sequences, 44.0 percent of 
the CDF involves failure of the AFW system and/or bleed-and-feed cooling under degraded 
support conditions (e.g., loss of a 125-Vdc bus, station blackout), 41.9 percent involve failure 
of bleed-and-feed cooling (unaccompanied by loss of support system initiating events), and, 
the remaining 14.1 percent involve failure of primary and secondary heat removal as a result 
of internal flooding initiating events.  

Approximately 21.1 percent of the core damage frequency results from sequences that involve 
failure of bleed-and-feed cooling. These sequences entail such failures as failure of the 
operators to initiate bleed-and-feed cooling (the dominant failure), failure of the HHSI system, 
failure of either PORV, and failure to establish long-term recirculation cooling upon low 
RWST water level. Because 1P3 is a low-pressure plant (i.e., the shutoff head of the HHSI 
pumps is below the setpoint pressure of the PORVs) and the PORV capacity-to-power ratio is 
two thirds of that required for successful initiation of bleed and feed cooling at steam 
generator dryout', bleed-and-feed cooling must be established well before steam generator 

The Westinghouse generic guidelines for loss of secondary heat sink conditions 
stipulate that the PORV capacity-to-power ratio must equal or exceed 177 
(lbm/hr)/MWt to successfully initiate bleed-and-feed cooling on or slightly before 
steam generator dryout. At IP3, the PORV capacity-to-power ratio is 118 
(lbm/hr)/MWt.

3-487



Table 3.4.1.1 Contributions of Decay Heat Removal Failure

Function Percentage of Core Damage Frequency with 
Decay Heat Removal Function Failure 

Secondary Heat Removal 50.4 

Bleed-and-Feed Cooling 21.1 

Recirculation Cooling 20.6 

Low-Head Recirculation (13.8) 
High-Head Recirculation (5.3) 
Hot-Leg Recirculation '(1.5) 

Safety Injection 8.6 

RCS Cooldown 3.2 

dryout. Therefore, the operators have been well-trained on the need for timely 
implementation of bleed-and-feed cooling after loss of the secondary heat sink. The other 
decay heat removal functions make smaller contributions to the core damage frequency.  
Recirculation cooling fails in sequences that are responsible for 20.6 percent of the total 
internal core damage frequency--failures of low-head, high-head, and hot-leg recirculation 
cooling contribute 13.8, 5.3, and 1.5 percent, respectively. Safety injection fails in sequences 
that are responsible for 8.6 percent of the core damage frequency; RCS cooldown or 
depressurization fails in sequences that are responsible for another 3.2 percent.  

Because loss of the AFW system is a such a significant precursor to core damage, a detailed 
evaluation was performed to determine the causes of AFW system unavailability. Failure of 
the AFW pump room ventilation system alone contributes 69.5 percent to system 
unavailability. Maintenance and test unavailability (including restoration errors) in 
combination with random hardware failures contribute to 22.9 percent of the causes of AFW 
system unavailability. Approximately 7.5 percent of AFW system unavailability results from 
the loss or degradation of electrical support systems. In contrast, random failure of the AFW 
system (e.g., failure of the motor- and turbine-driven pumps) contributes only 6.5 percent to 
the total system unavailability.
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3.4.1.4 Vulnerabilities and Insights

It is clear that the failure of the AFW system makes a major contribution to the total core 
damage frequency. However, the importance of secondary and primary decay heat removal 
is well-understood and contingency actions for loss of secondary heat removal are an integral 
part of operator training. We therefore conclude that decay heat removal systems do not 
represent a particular vulnerability at 1P3.  

3.4.2 GENERIC ISSUE GI-23 

Generic issue GI-23 concerns the adequacy of prevailing licensing specifications relating to 
reactor coolant pump (RCP) seal integrity [55]. Because a loss of RCP seal integrity results 
in a breach of the reactor coolant system (RCS), RCP seal leak rates that exceed the make-up 
capacity of the charging pumps can cause a small loss of coolant accident (SBLOCA).  

In addressing GI-23 as part of this study, three RCP seal failure scenarios that result in 
SBLOCAs were examined: 

" Random failure of one RCP seal, induced by mechanical and maintenance problems.  

" Multiple seal failures occasioned by the loss of RCP seal cooling as a result of the loss of 
the component cooling water system and the charging pumps.  

* Multiple seal failures occasioned by a total loss of seal cooling following station blackout.  

The first scenario can occur during normal operation and itself represents a seal LOCA.  
Accordingly, the scenario is not an issue in any evaluation of the adequacy of licensing 
specifications. For purposes of comparison, we note that the frequency with which a seal is 
expected to undergo failure is 1.3 X 10-2 /year.  

The second scenario can also occur during normal plant operations; the third scenario occurs 
during a loss of offsite power. In evaluating the second and third scenarios, a number of 
design features unique to 1P3 were considered: 

* RCP seal cooling can be provided by CCW flow to the RCP thermal barrier or charging 
pump seal injection flow.  

" Alternative charging pump cooling is supplied by the back-up city water supply through a 
hard-piped CCW cross-connection (valves MW-26 and AC-70 lA/B).  

" Plant procedure ONOP-CC-1, "Loss of Component Cooling," directs the operator to 
manually scram the reactor and trip all RCPs on a loss of component cooling water.  
Further specific instructions are provided- to establish an alternative RCP cooling path in
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procedure SOP-CC-IB, "Component Cooling System Operation."

n Emergency operating procedure (EOP) ECA-0.0, "Loss of All AC Power," provides 
specific operator instructions to establish component cooling water flow to the RCP 
thermal barrier. The "Appendix R" diesel generator can be used to power the 480-Vac 
safeguards buses. Given unavailability of the safeguards buses, the Appendix R diesel 
generator can also be aligned to MCC-312A to power one service water pump, one 
component cooling pump, and either charging pump 31 or 32. Procedure ECA-0.0 also 
provides instructions for RCS cooldown and depressurization using the steam generators.  
This action lengthens the time available for ac power recovery because the probability of 
RCP failure decreases with reduced RCS pressure and temperature.  

These specific design features ensure that multiple RCP seal failures are unlikely and make 
only a small contribution to the predicted core damage frequency. Using an RCP seal LOCA 
model based on the Westinghouse analysis of RCP seal performance and assuming a total loss 
of seal cooling [24], the core damage frequency associated with a multiple seal failures caused 
by random failures of the RCP seals or loss of CCW and charging pumps was calculated to be 
9.0 x 10-7/yr. This frequency represents only 2.2 percent of the total core damage frequency.  
Similarly, the core damage frequency associated with multiple seal failures caused by station 
blackout was calculated to be 1.8 x 10"6/yr or 4.4 percent of the total core damage frequency.  
Therefore, given that the total contribution to core damage frequency associated with RCP 
seal LOCAs is only 6.6 percent, we can conclude that RCP seal integrity does not represent a 
vulnerability at IP3.
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Section 4

CONTAINMENT RESPONSE ANALYSIS 

4.1 INTRODUCTION 

The "back-end" analysis addresses the progression of accident sequences subsequent to the 
start of core damage.  

The analysis focused on the dominant accident sequences and the resulting plant damage 
states defined in the "front-end" analysis (Section 3). The period considered in the back-end 
analysis begins at the start of core damage and continues for 24 hours after reactor vessel 
failure. The 24-hour time period is arbitrary but reasonable given the expectation that fission 
product phenomena and source term release ,to the. environment will be substantially complete 
within that period. Because the containment is the last barrier to the release of fission 
products, challenges to it that arise from substantial core damage or reactor vessel failure were 
emphasized.  

The source term analysis was based on the results of the back-end analysis.  

4.2 PLANT DESCRIPTION AND DATA 

4.2.1 PLANT DESCRIPTION 

The plant features important to the progression of core damage events and the response of the 
containment to them are: 

m Containment building 

* Primary auxiliary building 

m Containment fan coolers 

* Containment spray system 

* Containment recirculation spray 

* Reactor pit (sump) 

m Reactor coolant system



m Emergency core cooling systems.

m Hydrogen recombiners 

4.2.1.1 Containment Building 

The containment was designed to contain all radioactive material that might be released from 
the core following an accident. The containment also serves as a biological shield and 
pressure container. It encloses the reactor vessel, reactor coolant pumps, steam generators, 
pressurizer, reactor coolant system piping and engineered safeguard systems such as 
recirculation pumps, containment fan coolers, and RI-R heat exchangers.  

The containment structure is shown in Figures 4.2.1 .1 and 4.2.1.2. It comprises a reinforced 
concrete shell in the form of a vertical right cylinder with a hemispherical dome and a flat 
base supported on rock. A welded steel liner with a minimum thickness of 1/4 in. is attached 
to the inside face of the concrete to ensure a leak-tight structure. The containment side walls 
are 148 ft high, from the base to the springline of the dome, and have an inside diameter of 
135 ft. The side walls and the dome are 4.5 ft and 3.5 ft thick, respectively. The inside radii 
of the dome and cylinder are equal and thus, discontinuities at the springline resulting from 
the change in wall thickness are located on the outer surface and not inside.  

The flat concrete basemnat is 9 ft thick and is covered by a bottom liner plate. This plate is 
covered in turn by a 3-ft slab of concrete, the top of which forms the floor of the 
containment. A discontinuity in the slab floor is provided by the reactor pit located directly 
below the reactor vessel. This pit is described in Section 4.2.1.6. The 3-ft slab of concrete 
supports the internal structures of the containment: equipment supports, shielding, reactor 
cavity, fuel transfer canal, and miscellaneous concrete and steel supports utilized by the floors 
and stairs. The major internal structure, the crane wall, is a 3-ft thick wall that surrounds the 
RCS components and supports a polar-type containment crane. A 2-ft thick reinforced 
concrete floor covers most of the RCS and its components inside the crane wall, and forms 
the floor of the operating level (95 ft elevation). Removable gratings in the floor provide 
access to the reactor coolant pumps (RCPs). Four steam generators, the pressurizer and 
various pipes penetrate the floor.  

The major containment penetrations are the personnel-access double-door air lock, the 
equipment access hatch, the fuel transfer penetration, and containment supply and exhaust 
purge ducts. In addition, there are 56 electrical penetrations and 50 sleeve-type piping 
penetrations. The personnel-access air lock is located in the south east quadrant of the 
containment at the 80 ft elevation with an opening 8.5 ft in diameter. The equipment hatch is 
located in the north east quadrant of the containment at the 95 feet elevation and is 16 ft in 
diameter.
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* The containment has a free volume of 2,610,000 ft3. While its nominal internal design 
pressure is 47 psig, containment failure was assumed to occur above 100 psig (Section 4.5.1).  

4.2.1.2 Primary Auxiliary Building 

The primary auxiliary building (PAB) is adjacent to the containment building. The PAB 
contains systems required under normal or abnormal conditions. Systems located in the PAB 
are the high-head safety injection system (SIS), low-head safety injection (RHR) system, 
component cooling water system, charging system, containment spray system and portions of 
the electrical system (i.e., MCC-36A/B). Figure 4.2.1.3 depicts the general floor 
arrangements of the PAB.  

Interfacing system LOCAs outside the containment boundary, would occur within the PAB 
(SIS pump room, RHR pump room, or pipe-penetration area). Subsequent radionuclide 
releases after core damage' were considered to escape directly to the environment--no 
scrubbing was assumed even though water accumulation above the RHR pumps on the 15-ft 
elevation of the PAB is possible in ISLOCA events.  

Although the PAB ventilation system can handle controlled releases of airborne fission 
product activity, no credit was taken for radionuclide scrubbing in the PAB in the event of 
interfacing system LOCAs or core damage. However, fission product "plateout" on PAB 
surfaces was modeled.  

4.2.1.3 Containment Fan Coolers 

Five containment fan cooler (CFC) units are located between the containment and the crane 
walls at the 68-ft elevation (Figure 4.2.1.4). Because of this location, failures of the CFC 
units induced by accident phenomena are less likely. The CFC units discharge recirculated 
cooled containment air to the upper, lower, and annular regions of the containment. Steam 
condensed by the CFC units will flow to the lower portions of the containment building (to 
the containment sumps, in particular, and to the reactor pit). The CFC units are designed to 
control containment temperature and pressure by removing heat generated by all equipment 
and piping in the containment during normal and abnormal operation. Each CFC unit is 
equipped with a high efficiency particulate air (HEPA) filter and charcoal filters to remove 
fission products from the containment atmosphere during design basis accidents. However, 
these filters are not expected to survive the harsh containment environment created during a 
severe accident [57] and, therefore, were not modeled in the back-end analysis.
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4.2.1.4 Containment Spray System

The containment spray system (CSS) is designed to achieve short-term containment 
depressurization by removing heat from the containment following a LOCA or main steam 
line break inside containment. The CSS also scrubs fission products from the containment 
atmosphere. The containment spray system takes suction from the RWST and injects water 

into the containment through four spray headers located beneath the containment dome. The 

containment spray pumps can operate only in the injection mode--upon RWST depletion, 
continued containment spray operation is performed using the containment recirculation spray 
alignment.  

The effectiveness of the CSS in mitigating the release of fission products depends on adequate 
RWST inventory. Therefore, credit was taken for this system in accident progressions in 
which sufficient RWST inventory is available.  

4.2.1.5 Containment Recirculation Spray 

Containment recirculation spray (CSR) provides long-term containment pressure control in 
response to transients and LOCAs--CSR is capable of removing all the decay heat. CSR uses 
the containment spray headers to recirculate containment or recirculation sump water into the 

containment spray nozzles after cooling it in the RI-R heat exchangers.  

CSR may operate after manual switchover from the injection phase of operation when the 
water level in the RWST falls to the low-level (9.11 -fl) alarm setpoint. In the containment 
spray recirculation mode, containment spray can be provided by internal or external operation.  
Containment spray internal recirculation uses the recirculation pumps (located inside 
containment) to draw water from the recirculation sump and discharge it through the 
containment spray nozzles. External recirculation uses the RI-R pumps (located outside 
containment) to draw the water from the containment sump.  

In both internal and external recirculation, containment spray recirculation flow passes through 
the RI-R heat exchangers located inside containment. In these heat exchangers, heat is 
removed by the component cooling water (CCW) system and transferred to the service water 
system via the CCW heat exchangers.  

Because containment spray recirculation injects water into the containment atmosphere, it 
scrubs fission products released into the containment atmosphere. However, prolonged 
containment spray recirculation from the recirculation pumps cannot be assured because 
severe environmental conditions inside containment will expose the pump motors to 
temperatures above their peak qualification temperature for a prolonged period.
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4.2.1.6 Reactor Pit (Sump)

The reactor pit (sump) is a key-shaped pit located directly below the reactor vessel. A 
rectangular tunnel allows passage of the in-core instrument tubes (Figure 4.2.1.5). The reactor 
pit is 52.5 ft long and 25.5 ft deep with 4.5-ft thick walls and a 1/4 in. steel liner. The 
reactor pit is isolated from the lower containment compartment (elevation 46 ft to 95 ft). The 
base of the reactor pit is at elevation 19.5 ft. The reactor pit has a free volume of 23605.75 
ft' and a floor area of 840 ft2 . The high floor area:power ratio (0.026 M 2/MW) is a key factor 
in enhancing debris coolability. The reactor vessel is 14 ft above the bottom of the pit floor; 

the maximum depth available for an overlaying pool is 23.5 ft. Water enters the reactor pit 
by two routes: some of the containment spray that falls on the refueling pool cavity area will 
flow into the reactor pit; and, upon or after vessel breach, water flowing to the vessel will 
enter the reactor pit.  

The presence of water in the reactor pit prior to or after vessel breach will affect containment 

performance. For accident progressions in which water is present prior to vessel breach and 
RCS pressure is- low (<200 psia), the interaction between molten debris and water yields fine 
particles of core materi-al [58]. While the increased surface area enhances debris cooling, it 
may also lead to rapid steam generation. The resulting steam pressure spike is not expected 
to fail a large dry-PW*R plant containment [59], however. The presence of water prior to 
vessel breach and low RCS pressures also increases the probability of fuel-coolant interactions 
(FCls). Although these FCIs can produce ex-vessel steam explosions which might fail 
containment, the containments at Surry and Zion that are similar to that at 1P3 were found not 
to be vulnerable to this containment failure mode [6,9].  

For accident progressions in which water is present in the reactor pit prior to vessel breach 
and RCS pressure is high (> 200 psia), water and molten debris are dispersed together into the 
containment atmosphere during a direct containment heating (DCH) progression. The effects 
of water during DCH are uncertain [60,61].  

In accident progressions in which water is added continuously to the reactor pit after vessel 
breach, increased debris cooling and an increased likelihood of arresting or delaying basemat 
melt-through will accompany heat removal. An overlying pool will also scrub fission 
products arising from core-concrete interactions.  

4.2.1.7 Reactor Coolant System 

The reactor coolant system (RCS) is depicted in Figure 4.2.1.6. It consists of four similar 
heat transfer loops connected in parallel to the reactor vessel. Each loop contains a reactor 
coolant pump and steam generator. The RCS also includes a pressurizer, pressurizer relief 

tank, connecting piping, and instrumentation necessary for control.
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The reactor is designed to operate at power with all four reactor coolant pumps in service.  
RCS pressure is controlled by the pressurizer using electrical heaters and sprays. The 
pressurizer normally operates partially full of water, with a steam bubble filling its remaining 
volume.  

The steam generators provide saturated steam to the main turbine and also function as barriers 
to the entry of fission products into the main steam system. The steam generators are vertical 
shell and U-tube steam generators. RCS volumes, temperatures, pressures and setpoints affect 
core damage accident progressions. Reactor core data were used to determine the energy 
released by metal-water reactions, and are used in calculations of fission product release into 
the containment. Primary system mass and thermal capacitance were used to determine the 
amount of decay heat removed through passive heat transfer. RCS volumes and flow areas 
were used in calculating the timing of the core being uncovered and vessel breach.  

4.2.1.8 Emergency Core Cooling Systems 

Emergency core cooling systems provide borated water to the RCS to ensure reactor shutdown 
and adequate core cooling. There are three separate systems: 

m Accumulators 

* High- and low-head safety injection systems 

m Recirculation and residual heat removal systems.  

The accumulators are shown in Figure 4.2.1.7. They are designed to provide borated water to 
the RCS following LOCAs that depressurize the RCS below 675 psia. Water discharged from 
the accumulators should quickly reflood the reactor core to provide core cooling until high- or 
low-head safety injection is operable. In addition, should RCS integrity be maintained until 
vessel breach, the accumulators provide water that flows into the reactor cavity and cools core 
debris.  

The high-head safety injection (HHSI) system is depicted in Figure 4.2.1.8. It has a pump 
shut-off of 1500 psig and removes decay heat from the core during small LOCAs and 
sequences that involve bleed-and-feed decay heat removal by injecting borated water from the 
RWST into the reactor vessel. Once the RWST inventory is exhausted, the HHSI system is 
manually switched to its recirculation mode of operation, taking suction from the recirculation 
or RHR pumps.  

The low-head safety injection (LHSI) system, depicted in Figure 4.2.1.9, has a pump shut-off 
head of 153 psig. It removes decay heat from the core during LOCAs by injecting borated 
water from the RWST into the reactor vessel. In small LOCAs, the RCS must be 
depressurized prior to using the LHSI system. In large and intermediate LOCAs, the LOCA 
itself will rapidly depressurize the RCS. As with the HHSI system, the LHSI system is
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manually switched to its recirculation mode of operation, once the RWST inventory is 
exhausted.  

The recirculation system provides long-term core cooling in response to transients and 
'LOCAs. The system recirculates sump water through the RHR heat exchangers and into the 
reactor core. The recirculation system operates after manual switchover from the injection 
mode of operation when the water level in the RWST falls to the low-level setpoint. The 
recirculation system can operate in six different configurations: 

m Low-head internal recirculation (Figure 4.2.1.10). In this configuration, water is drawn 
from the recirculation sump by the recirculation pumps and discharged through the RCS 
cold legs.  

m Low-head external recirculation (Figure 4.2.1.11). In this configuration, water is drawn 
from the containment sump by, the RHR pumps and discharged through the RCS cold 
legs.  

m High-head internal recirculation (Figure 4.2.1.12). In this configuration, water is drawn 
from the recirculation sump by the recirculation pumps and fed to the suction of the 
HHSI pumps. The HHSI pumps discharge the water through the RCS cold legs.  

m High-head external recirculation (Figure 4.2.1.13). In this configuration, water is drawn 
from the containment sump by the RHR pumps and fed to the suction of the HHSI 
pumps. The HHSI pumps discharge the water through the RCS cold legs.  

* Hot-leg internal recirculation. The recirculation pumps draw water from the recirculation 
sump and feed it to the suction of the HHSI pumps. The HHSI pumps discharge it 
through the hot leg of the RCS.  

m Hot-leg external recirculation. The RHR pumps draw water from the containment sump 
and feed it to the HHSI pumps. The HHSI pumps discharge it through the hot leg of the 
RCS.  

The recirculation system is operated in high-pressure modes in transients and small LOCAs, in 
low-pressure modes in intermediate and large LOCAs, and in hot leg recirculation modes in 
large LOCAs.  

The recirculation sump lies inside the containment (Figure 4.2.1.10) and collects and retains 
water for the two motor-driven recirculation pumps. The recirculation pumps are of 3000
gpm capacity at ;t452 psia discharge pressure. They take suction from the recirculation sump 
and discharge through the RHR heat exchangers into the RCS cold legs via the accumulator 
feed lines (Figure 4.2.1.10). One recirculation pump can supply the flow needed for 
long-term core cooling.
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Should the recirculation pumps be unavailable, the two RHR pumps located in the PAB can 
provide recirculation. The RHR pumps take suction from the containment sump and 
discharge through the RHR heat exchangers into the RCS cold legs via the accumulator feed 
lines (Figure 4.2.1.11). One RHR pump can supply the flow needed for long-term core 
cooling.  

For high-head recirculation, one of the three high-head safety injection pumps located in the 
PAB can supply the flow needed for long-term core cooling, with suction provided by either 
the recirculation or RHR pumps.  

4.2.1.9 Hydrogen Recombiners 

The hydrogen recombiners are the primary components of the post-accident hydrogen control 
system. They are designed to prevent hydrogen concentrations in the containment from 
exceeding 2 percent by volume. The two recombiner units are located on the 95-ft elevation 
of the -containment in the southeast and southwest quadrants. Figure 4.2.1.14 illustrates the 
physical arrangement of the hydrogen recombiners with respect to the containment and crane 
walls. The recombiner blowers take suction from the containment recirculation fan coolers 
discharge header. Air, water vapor, and non-condensible gases from the recombiners are 
discharged directly to the containment. The water vapor is then condensed and removed from 
the containment atmosphere by the containment fan coolers.  

A schematic of a recombiner unit is shown in Figure 4.2.1.15. The recombiners comprise a 
cylindrical shell with a refractory lining that forms the combustion chamber. An igniter, a 
pilot gas hydrogen injector, and a main gas hydrogen injector are located at the top of the 
combustor. Hydrogen is used as the fuel for producing the heat necessary for the 
recombination process because the combustion products of other fuels are undesirable.  

The recombiner blower discharges to the top of the combustor through a mist eliminator and 
damper. Flame propagates downward through the combustor. The blower mixes the hot 
gases from the combustor with containment air to produce a 300'F recombiner discharge gas 
temperature.  

The hydrogen recombiners require 480-Vac power to operate. If power is lost, the ac power 
failure alarm will annunciate on the recombiner control panel, and the system will shut down.  

The recombiner control cabinets are located at the 67-ft elevation of the fan room. These 
cabinets require instrument air to control valve actuation, instrument signal transmission, and 
conversion of electrical signals to pneumatic signals. Loss of instrument air will cause system 
shut down.
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Although the hydrogen recombiners are designed to prevent the containment hydrogen 
concentration from exceeding 2 percent by volume, under severe accident conditions in which 
substantial core melt occurs, the capacity of the hydrogen recombiners will be exceeded and 
the hydrogen concentration in the containment atmosphere will exceed 2 percent.  
Furthermore, emergency operating procedures FR-Z. 1 only directs the operators to consult 
plant engineering staff for further evaluation when hydrogen concentrations exceed 4 percent 
by volume. Therefore, the hydrogen recombiners were not modeled in the back-end analysis.  

4.2.2 Plant Data 

Reactor, pressurizer, steam generator, containment, ECCS, and other important plant data are 
presented in Tables 4.2.2.1 to 4.2.2.4.
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Table 4.2.2.1

Reactor Core and Reactor Coolant System Data

Plant Name: 
Type of Reactor: 
Manufacturer: 
Date of Commercial Operation:

Indian Point Unit 3 
Pressurized Water Reactor 
Westinghouse 
1976

Parameter Description Values

Reactor Core: 
Nominal Power 

Number of Fuel Assemblies 
U0 2 Fuel Rods Per Assembly 
Core Weight, Total 
Uranium Dioxide 
Zircaloy 
Miscellaneous 

Reactor Vessel: 
Inside Diameter 
Inside Height 
Design Temperature (Nominal) 
Design Pressure (Nominal) 
Mass of Bottom Head 
Bottom Head Diameter 
Thickness of Bottom Head 
Mass of Miscellaneous Components 

Primary System Data: 
Operating Temperature (Nominal) 
Operating Pressure (Nominal) 
Water in system (Nominal) 
Number of PORVs 
Lowest PORV setpoint 
PORV Capacity/valve 
Number of SRVs 
Lowest SRV setpoint 
SRV Capacity/valve 

Reactor Coolant Pump Characteristics: 
Number of Reactor Coolant Pumps 
Design Pressure 
Design Temperature 
Operating Pressure 
Suction Temperature 
Water Volume 
Capacity/pump

3025 MW thermal 
193 
204 
284,000 lbs 
221,600 lbs 
44,450 lbs 
17,950 lbs 

173 in.  
43.75 ft 
650OF 
2500 psia 
125724.0 lbs 
6.37 ft 
5.31 in.  
344096 lbs 

571.3 0 F 
2250 psia 
4647 ft3 

2 
2350 psia 
179,000 Ibm/hr 
3 
2500 psia 
420,000 lbm/hr 

4 
2500 psia 
650°F 
2250 psia 
5550 F 
192.0 ft3 

89,700 gpm
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Table 4.2.2.1 (continued) 

Reactor Core and Reactor Coolant System Data

Parameter Description Values 

Steam Generator: 

Number of Steam Generators 4 
Design Pressure (Reactor Coolant) 2500 psia 
Design Pressure (Steam) 1100 psia 
Design Temperature (Reactor Coolant) 650OF 
Design Temperature (Steam) 600°F 
Reactor Coolant Temperature to Steam Generator 612.60 F 
Reactor Coolant Temperature from Steam Generator 554.80F 
Steam Flow at Full Load, ibm/hr 3.315 x 106 

Steam Temperature at Full Load 513.8"F 
Steam Pressure at Full Load 770 psia 
Main Feedwater Temperature 427.20 F 
Reactor Coolant Water Volume (cold) 924. 1OF 
Secondary Side Water Volume 1626 ft3 

Secondary Side Steam Volume 3101 ft3 

Pressurizer: 

Design Pressure 2500 psia 
Operating Pressure 2250 psia 
Design Pressure 680°F 
Operating Temperature 6530F 
Water Volume at Full Load 1080 ft3 

Steam Volume at Full Load 720 ft3 

Surge Line Nozzle Diameter 14 in.  
Shell Inside Diameter 84 in.  
Shell Thickness 4.1 in.  

Pressurizer Relief Tank: 

Design Pressure 115 psia 
Design Temperature 340°F 
Total Volume 1800 ft3 

Rupture Disc Release Pressure 115 psia 
Rupture Disc Relief Capacity (lbm/hr) 1.224 x 106
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Table 4.2.2.2 

Containment Building Data

Parameter Description Values

Containment: 
Construction Type 

Constructed by 
Containment Shape 

Free Volume 
Height (base to springline) 
Height (base to inner top of dome) 

Internal Design Pressure 
Internal Failure Pressure 
Operating Pressure 
Design Temperature 
Operating Temperature 

Design Leak Rate 

Construction: 
Wall Thickness 

Dome Thickness 
Basemat Thickness 

Containment Floor Thickness 
Cylindrical Wall Diameter 
Dome Radius 
Annular Compartment Radius 

Containment Liner: 
Liner Thickness, Walls 
Liner Thickness, Dome 
Liner Thickness, Floor 
Liner Material 

Reactor (Pit) Cavity: 
Shape 
Top Elevation 
Bottom Elevation 
Length (north/south) 
Width (north end) 
Width (south end) 

Floor Area 
Free Volume 
Liner Thickness

Reinforced Concrete 
United Engineers 
Right Vertical Cylinder with Flat 
Base and Hemispherical Dome 

2,610,000 (ft3) 
148 ft 
215.5 ft 
47 psig 
134 psig 
14.7 psia 
2470 F 
120°F 
0.1 %/day (0-24 hrs) 
0.045 %/day (>24 hrs) 

4.5 ft 
3.5 ft 
9ft 
3ft 
135 ft 
67.5 ft 
14.5 

0.5 in. to 0.375 in.  
0.5 in.  
0.25 in.  
ASTM A-442 Steel, Gr. 60 

Key-Shaped 
46.1 ft 
19.3 ft 
52.5 ft 
17 ft 
8.3 ft (below 30-ft El.) 
6 ft (above 32-ft El.) 

840 ft
2 

23605.75 ft3 

0.25 in.
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Table 4.2.2.2 

Containment Building Data (continued)

Parameter Description

1*

Recirculation Sump: 
Location 
Cross Section 
Depth 
Capacity 
Side Wall Thickness 
Floor Thickness 
Liner Thickness 

Containment Sump: 
Location 
Cross Section 
Depth 
Capacity 
Side Wall Thickness 
Floor Thickness 
Liner Thickness 

Operating Floor: 
Location 
Thickness 
Miscellaneous Information 

Crane Wall: 
Bottom Elevation 
Top Elevation 
Inside Diameter 
Thickness 

Steam Generator Shield Wall: 
Location 
Height 
Thickness 

Pressurizer Shield Wall: 
Location 
Height 
Thickness 

Reactor Shield Wall: 
Inside Diameter 
Height 
Thickness

Values

46-ft El., inside crane wall 
18 ft x 12 ft 
12 ft 
13,000 gallons 
9ft 
9ft 
0.25 in.  

46-ft El., inside crane wall 
7.5 ft x 7.5 ft 
7.75 ft 
4500 gallons 
7.25 ft 
7.25 ft 
0.25 in.  

95-ft El.  
2.0 ft 
Removable steel grating present for 
crane access to RCS pumps 

46-ft El.  
95-ft El.  
100 ft 
3ft 

95-ft El.  
7ft 
3ft 

95-ft El.
35 ft 
14 in.  

17 ft (@ 46-ft El.) 
26.3 ft 
6 ft (@ 46-ft El.)

4-31



Table 4.2.2.3

ECCS and Other Water Injection System Data 

Parameter Description Values 

Charging System 
Number of Pumps 3 
Design Flow 98 gpm 
Design Head 2385 psia 

High-Head Safety Injection System 
Number of SIS Pumps 3 
Design Flow 400 gpm 

Design Head 1082 psia 
Shutoff Head 1515 psia 

Low-Head Safety Injection System 
Number of RHR pumps 2 
Design Flow 3000 gpm 
Design Head 152 psia 
Shutoff Head 168 psia 

Recirculation System 
Number of Recirculation pumps 2 
Design Flow 3000 gpm 

Design Head 152 psia 
Shutoff Head 216 psia 

Accumulators 
Number of Accumulators 4 
Pressure 675 psia 
Total Water Capacity 24,400 gal 

Auxiliary Feedwater System 
Type Drive Motor 
Number of Pumps 2 
Design Flow 400 gpm 
Design Head 1350 psia 
Shutoff Head 1625 psia 

Auxiliary Feedwater System 
Type Drive Turbine 
Number of Pumps 1 
Design Flow 800 gpm 
Design Head 1350 psia
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Table 4.2.2.4 

Other Systems That Affect Containment Performance

Parameter Description

Containment Sprays - Injection Mode: 

Number of Containment Spray pumps 
Design Flow 
Design Head 

Containment Sprays - Recirculation Mode: 

Two Pumps with Suction from Recirculation Sump 

Two Pumps with Suction from Containment Sump 

Flow 

Miscellaneous: 

Spray Header Locations (dome) 

Spray Additives 

Containment Fan Coolers: 

Number of Fan Coolers 

Heat Transfer Capacity (accident mode) 

Flow Rate (accident mode)

Values

4.

2 
2600 gpm 
185 psia 

Recirculation Pumps 

RHR pumps 

1300 gpm 

213.5-ft El., (radius 59.5 fi) 

218.5-ft El., (radius 42.25 ft) 

223.5-ft El., (radius 25.3 fit) 

228.5-ft El., (radius 8.2 ft) 

Sodium Hydroxide 

5 

21,200 BTU/sec 

34,000 cfin
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4.3 PLANT MODELS AND METHODS FOR PHYSICAL PROCESSES 

4.3.1 INTRODUCTION 

This section addresses the models and methods employed to describe the physical processes 
addressed in the back-end analysis. Computer codes were used to examine thermal hydraulic 
behavior of the reactor vessel and primary containment and in- and ex-vessel fission product 
behavior for each plant damage state. In particular, thermal-hydraulic behavior was analyzed 
using Version 16 of the Modular Accident Analysis Program 3.0B for Pressurized Water 
Reactor (MAAP/PWR) [62] to support containment event tree quantification performed with 
the Event Progress Analysis Code (EVNTRE) [63] calculations. MAAP/PWR calculations 
were also made to define reactor coolant system and containment behavior and the timing of 
important phenomena and to support the plant-specific source term analysis. Additional 
details of these calculations and the physical processes modeled are presented in Appendix K.  

4.3.2 MAAP/PWR DESCRIPTION 

MAAP/PWR predicts reactor vessel and primary containment behavior in severe accidents 
from the start of the accident progression to core debris egress from the failed reactor vessel.  
It also predicts in-containment responses and containment releases. MAAP/PWR accounts for 
heat transfer to all in-core structures, the effects of steam formation, core heat-up, cladding 
oxidation and hydrogen generation, progressive core structure relocation, failure of the core 
support plate and formation of a debris bed in the reactor bottom head, reactor vessel 
penetration failure, and the egress of core debris from the vessel.  

4.3.3 MAAP/PWR MODEL PARAMETERS 

The MAAP/PWR model parameters represent inputs to phenomenological models in which 
significant uncertainties exist. In this study, MAAP default values for model parameters were 
selected except for the following: 

TTRX - Time to fail reactor vessel penetration welds after contact with core mass 

This parameter has a nominal default of 60 seconds, with a typical range of 30 seconds to 
1000 seconds. The MAAP default value is based on calculations performed for the IDCOR 
program which indicated rapid vessel failure, caused by high heat transfer rates to the welds 
from the core debris following reactor vessel support plate failure [64]. However, the TMI-2 
incident indicates that a longer time period is more probable. Therefore, a value of 500 
seconds was selected for high pressure sequences and 1000 seconds for low pressure 
sequences.
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FPRAT - In-vessel fission product release' model

Two models are available: the NUREG-0772 (ORNL) model [64] and the IDCOR/EPRI steam 
oxidation model [65]. While both models have yielded equivalent release predictions, the 
'NUREG-0772 model was chosen for this study because of its extensive prior documentation.  

HTSTAG - Primary to secondary-side heat transfer coefficient 

This parameter models natural circulation heat transfer in the steam generators from the 
,primary to the secondary-side after RCP trip. Based on EPRI TR-100743 [66], a value of 850 
W/mZK was used for steam generator tube rupture cases, 425 W/mZK for cold leg breaks, and 
850 W/m2K for all other sequences.  

FAOUT - Hot leg natural recirculation model 

This model determines the fraction of steam generator tubes that carry flows in the RCS hot 
leg natural circulation model. 'Based on MAAP/PWR, Revision 19, a value of 0.3 instead of 
0.2 was selected.  

FCMDCH - Fraction of entrained "corium" mass 

'This parameter defines the mass fraction of entrained core debris that is finely fragmented 
and, therefore, that interacts completely (by sensible heat and oxidation) with gas present in 
the containment compartment into which core debris translates. While the default value is 0, 
EPRI TR-100743 recommends a value of 0.03 [66].  

,ECM - Emissivity of corium surface 

Because MAAP/PWR tends to predict more radiative energy transfer than CORCON [67], a 
value of 0.7 was used for the emissivity of the core debris, instead of 0.85.  

FCHF - Flat plate critical heat flux (CHF) critical flow velocity 

Based on experiments performed at Argonne National Laboratory on coolant heat flux (during 
core-concrete interactions with an overlying water pool) [68], a value 0.015, instead of 0.14, 
was selected for this parameter. , 

FCDDC - Fraction of steam condensation in cold legs 

This parameter is defined incorrectly in the MAAP user's guide and parameter file in that it is 
not for B&W plants only. The value of this parameter was changed from 0 to 1 based on 
simulations of small break LOCAs in the MIST facility and RELAP Mod 2 calculations.
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VFSEP - Void fraction in the RCS above which the phases separate

This parameter defines the void distribution in the RCS. If the RCS average void fraction is 
larger than a user-input parameter, the gas and water phases are assumed to separate. An 
RCS void fraction less than the input value leads to natural circulation within the RCS. Based 
on EPRI TR-100743 [66], a value of 0.7 was used for steam generator tube rupture cases, 
0.35 for cold leg breaks, and 0.6 for all other sequences.  

FCRBUC - MAAP in-core blockage model 

The default value for this parameter is 1, which activates the MAAP in-core blockage model.  
Selection of this model will stop oxidation and gas flow through a core node at the onset of 
node melting, greatly reducing hydrogen generation. In contrast, the NRC source term code 
package (SCTP) does not use this model and thus predicts more hydrogen generation during 
the melt progression [69]. Because the SCTP represents a conservative approach towards 
hydrogen-derived phenomena, the MAAP in-core blockage model was not activated in this 
study.  

XSTIA - Steam mole fraction required to inert a hydrogen/air/steam mixture 

Based on MAAP PWR Revision 19, the recommended value was changed from 0.6 to 0.75, to 
reflect a more conservative estimate for hydrogen bums.  

In addition to these changes to the MAAP model parameter default values, other plant-specific 
data were developed. The plant model was then used to calculate RCS and containment 
thermal-hydraulic behavior in various scenarios defined by dominant plant damage states.  

4.4 BINS AND PLANT DAMAGE STATES 

4.4.1 PLANT DAMAGE STATE BINS 

Plant damage states (PDSs) provide the interface between the front and back-end analyses.  
They represent groupings of accident sequence cut sets that result in core damage and are 
likely to yield similar accident progressions; they define unique sets of initial conditions for 
the evaluation of severe accident progression and attendant challenges to containment 
integrity. The PDSs were defined in terms of answers to a series of questions that determine 
the boundary conditions to the accident progression. These PDSs are discussed in Section 
3.1.5.
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Table. 4.4.1.1

Plant Damage States

PDS Group Plant Damage State PDS Point % of Total Core 
Estimate Damage Frequency 

Station TB/IF-DCI-nP-RXI-F3-H3-L3-R5-CTI-ST I 2.77x 10-6  7.10 
Blackout 

(SBO) TB/IF-DC I -nP-RX2-F2-H3-L3-R5-CTI-LT 2 2.79x10 6  7.15 

TB-DC2-nP-RXI-F I-H I -L1-RI-CTI -ST 3 2.71 x 10-6  6.95 

TB-DC2-nP-RX2-F2-H2-L2-R2-CTI -LT 48 6.14x 10-' 1.57 

TB-DC I-nP-RX1-F I-HI-LI-RI-CTI-LT 49 4.58xl 0-7  1.17 

TB/IF-DC I -P-RX2-F2-H3-L3-R5-CTI -LT 50 8.44x 10.  0.22 

TB/IF-DC I -P-RX2-F3 -H3 -L3-R5 -CTI-LT 51 1.97x 10' 0.50 

TB-DC2-P-RX2-F I-HI-LI-RI -CTI -LT 52 8.54x10 "  0.22 

Transients T2-DC2-nP-RX 1-F3-H2-L2-R2-CTI-LT 4 1.27x10-6 3.26 
(TRANS) T2-DC2-nP-RX I-F3-H2-L2-R4-CT I -LT 5 1.48x 10-7  0.38 

T2-DC2-nP-RXI-F3-H3-L2-R4-CT1 -LT 6 2.00xl 0.  0.01 

T3-DC2-nP-RX 1-F3-H2-L2-R4-CT I -LT 7 4.77x 10-7  1.22 

T3-DC2-nP-RX1 -F3-H3-L2-R4-CTI -LT 8 2.00x 10.  0.01 

T3-DC2-nP-RX2-F3-H2-L2-R4-CTI -LT 9 5.04x10-7  1.29 

12-DC2-nP-RX2-F3-H2-L2-R2-CTI-LT 10 6.36x 10-7  1.63 

T3 -DC2-nP-RX I -F3-H2-L2-R2-CT I -LT 11 4.12x 10-6  10.56 

TAC6A-DC2-nP-RX I-F3-H2-L2-R2-CT 1-LT 12 3.95x 10' 0.10 

TDC32-DC2-nP-RX I -F3 -H2-L2-R2-CT I -LT 13 1.46x10.6 3.74 

TDC32-DC2-nP-RX1 -F3-H2-L2-R4-CTI-LT 14 1.34x 10-6  3.44 

TDC3 I -DC2-nP-RX 1 -F3 -H2-L2-R4-CT I -LT 15 1.02x 106  2.62 

TDC3 1 -DC2-nP-RX I-F3-H2-L2-R2-CT 1 -LT 16 1.08x1I 0"  2.77 

T3-DC2-nP-RX2-F3-H2-L2-R2-CTI-LT 17 1.0ox 10- 0.00 

TI-DC2-nP-RXI-F3-H2-L2-R2-CI-LT 18 6.05x10-7  1.55 

TI-DC2-nP-RX2-F3-H2-L2-R2-CTI-LT 19 7.64x10 "' 0.20 

T2-DC2-nP-RX2-F3-H2-L2-R4-CT1-LT 20 1.39x1 0 7  0.36 

TC-DC2-nP-RXI-F2-H2-L2-R2-CTI-ST 22 2.87x1 0 0.74 

TAC6A-DC2-nP-RX I -F3 -H2-L3-R3-CT I-LT 56 4.25x1048  0.11 

12-DC2-P-RX2-F2-H2-L3-R5-CTI-LT 24 3.05x10 7' 0.78 

T2-DC2-P-RX2-F2-H2-L3-R3-CT I -LT 36 5.5 1 x 10 7  1.41 

TCCW-DC2-nP-RX2-F3-H2-L3-R4-CT1-LT 57 4.35x 10-7  1.12 

TCCW-DC2-nP-RXI-F3-H2-L2-R4-CTI1 -LT 58 4.45x I 0-7  1.14 

TCCW-DC2-nP-RX1-F3-H3-L2-R4-CTI -LT 59 1.53x10 7' 0.39
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Table 4.4.1.1 (continued) 

Plant Damage States

PDS Group Plant Damage State PDS Point % of Total Core 
Esitmate Damage Frequency 

Loss of Coolant S2-DC2-nP-RX2-F2-H2-L2-R2-CTI-LT 23 4.40x10' 1.13 

(LOCAs) S I -DC2-nP-RX2-F2-H2-L2-R2-CT1 -ST 25 4.4 Ix 10.  1.13 

S 1-DC2-nP-RX2-F2-H2-L3-R5-CTI -ST 26 6.42x 10"  0.16 

A-DC2-nP-RX3-F2-H2-L2-R2-CTI-ST 27 2.58x10 "6  6.62 

A-DC2-nP-RX3-F2-H3-L4-R4-CTI -ST 28 3.46x 10' 0.09 

A-DC2-nP-RX3-F2-H3-L3-RS-CT I -ST 29 • 4.65xI 10.  0.12 

A-DC2-nP-RX3-F2-H3-L2-R4-CTI -ST 30 1.87x 10.  0.48 

A-DC2-nP-RX3-F2-H2-L3-R5-CTI-ST 31 6.77xI 10.  0.02 

A-DC2-nP-RX3-F2-H2-L3-R3-CTI-ST 32 3.1 lxl 08 0.08 

R-DC2-nP-RX3-F2-H2-L2-R2-CTI-ST 33 3.57x10 "7  0.92 

A-DC2-nP-RX3-F2-H3-L4-R2-CTI -ST 34 2.85x10 .8  0.07 

R-DC2-nP-RX3-F2-H2-L2-R4-CT I -ST 35 8.98x 10-
7  2.30 

TC-DC2-nP-RX3-F2-H2-L2-R2-CTI-ST 37 5.67x 10' 14.54 

S2-DC2-nP-RX2-F3-H2-L2-R4-CTI-LT 38 5.39x 10.7  1.38 

S I-DC2-nP-RX2-F2-H2-L2-R4-CT 1 -ST 39 1.48x 10.  0.38 

A-DC2-nP-RX3 -F2-H2-L2-R4-CT 1 -ST 40 7.67x 10.8 0.20 

A-DC2-nP-RX3-F2-H3-L2-R3-CT1-ST 46 1.57x10 .8  0.04 

S2-DC2-nP-RX2-F2-H2-L2-R4-CTI -LT 47 8.27x10 "8  0.21 

S2-DC2-nP-RX2-F2-H2-L3 -R3 -CT I -LT 53 6.11 x 108  0.16 

S I -DC2-nP-RX2-F2-H2-L3-R3 -CT I -ST 54 5.92x 10.8 0.15 

S2-DC2-nP-RX2-F2-H2-L3-R5-CTI-LT 54 2.78x 10.' 0.71 

V-Sequ VS2-DC2-nP-RX2-F2-H2-L2-R3-CT I -LT 41 2.12x 107  0.54 

VA-DC2-nP-RX3-F2-H2-L3-R3-CTI -ST 42 3.42x 108  0.09 

SGTR T7-DC2-nP-RX2-F2-H2-L2-R3-CTI-LT 43 1.20x 10-6  3.07 

T7/SORV-DC2-nP-RX2-F2-H2-L2-R3-CTI-LT 44 3.43x10-7  0.88 

T7-DC2-nP-RXI -F3-H2-L2-R2-CTI -LT 45 2.78x 10 7 0.71
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In the front-end analysis, 59 PDSs were defined. To facilitate the description of the back-end 
analysis, the PDSs were re-examined to determine if PDSs that reflect similar reactor and 
containment states could be combined or "rebinned". The method used was to reclassify the 
PDS initiating events into general initiator groups. PDSs that exhibit similar reactor coolant 

.system and containment states were then combined if the initiating events belonged to the 
.same initiator group. Table 4.4.1.1 lists the membership of the general initiator groups. By 
rebinning, the number of PDSs was reduced from 59 to 5. However, it must be stressed that 
all 59 PDSs were modeled in the containment event tree.  

4.4.2 PLANT DAMAGE STATES 

In this section, the five plant damage state groups considered in the containment performance 
analysis are described and statistics that define their contribution to the total core damage 
frequency resulting from internal events are presented. The plant damage states within the 
groups and their dominant accident sequences are presented in Table 4.4.1.1; the dominant cut 
sets and their resulting plant damage states are listed in Table 4.4.2.1; the plant damage state 
groups and their frequencies are summarized in Table 4.4.2.2. The dominant cut sets 
responsible for each plant damage state are listed in Appendix I.  

The 5 plant damage groups are as follows: 

Plant Damage State Group 1 

This PDS group has a 1.02 x 105/yr mean core damage frequency (CDF) resulting from 
internal causes (mean internal CDF), representing 23.2 percent of the total CDF. In this 
group, 2748 cut sets are responsible for 95 percent of the PDS group frequency.  

PDS group 1 consists of eight station blackout PDSs. Four of the PDSs entail a loss of 
offsite power with a subsequent loss of onsite emergency diesel generator power. The other 
four PDS are initiated by internal flooding within the control building that fails the 480-Vac 
safeguard buses. Three of eight plant damage states (PDSs-1, 3, and 49) involves a loss of 
the steam-turbine-driven AFW pump because of battery depletion or random mechanical 
faults. Without primary and secondary cooling, RCS boil-off ensues and core damage occurs 
in the long term with the RCS at high pressure. The remaining five PDSs involve a single 
stuck-open PORV (PDSs-50, 51 and 52) or RCP seal failure (PDSs-2 and 48). These five 
PDSs result in core damage at low-high RCS pressure. Core cooling, containment heat 
removal, and the AFW motor-driven pumps are available or recoverable on restoration of 
offsite/onsite power.
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Table 4.4.2.1 

Top Cut Sets Contributing to Internal Core Damage Frequency and Associated Plant Damage States 

Point Percent Cut Set Corresponding Accident Sequence PDS 
Estimate Point Group 
Frequency Estimate G 

(lyr) 

3.88E-6 9.95 '2 * C * MRI-SUCC * PRI T2*C*MFW*ITr*/AFW*/MRU*PR-MRI PDS-37 

2.27E-6 5.82 T2 * AFV-MOD-CC-IL314 * FB-T2 * NR-AFBV * SL-T2-SUCC T2*/C*/Bl*/P*/SL*AFW*/HHI*FB-T2*/CFC PDS-4 

2.1OE-6 5.38 A * OLR-A A*/B I */ACC*IM*/CFC*OLR-A PDS-27 

1.69E-6 4.33 T2 * C * MRI * PR2 T2*C*MFW*T*/AFW*MRI*PR-MRI PDS-37 

6.99E-7 1.79 T2 * AFV-MOD-CC-IL314 * FB-T2 * NR-AFBV * SL-T2-SUCC T2*/C*/Bl*/P*/SL*AFW*/HHI*FB-T2*/CFC PDS-4 

5.61E-7 1.44 TI * B-1HR * DCI-MAI-MA-BCC31 * FLAG-LOSP * NR-CHGR35* Tl*/C*B2*/P*AFWT*B-IHRS PDS-3 
SWS-MAI-MA-PM36 

4.61E-7 1.18 T2 * AFV-MOD-CC-IL314 * NR-AFBV * PPR-PRV-CC-455C * SL- T2*/C*/BI*/P*/SL*AFW*/IHHI*FB-T2*/CFC PDS-4 
T2-SUCC 

4.61E-7 1.18 T2 * AFV-MOD-CC-IL314 * NR-AFBV * PPR-PRV-CC-456 * SL-T2- T*/C*/BI*/P */SL*AFW */H*FB-T2 */CFC PDS-4 
SUCC 

3.45E-7 0.88 TDC31 * AFW-CCF-FS-AFWPM TDC31-2*/C*/B I */P*AFW*CFC PDS- 16 

1.45E-7 0.37 T3 * AFW-MAI-MA-TDP32 * DCI-MAI-MA-BCC32 * EDG-MAI- T3*/C*/Bl*/P*/SL*AFW*MFW-T3*/HHI*FB-T2*CFC*/CSS PDS-7 
MA-EDG31 * NR-CHGR35 

1.42E-7 0.36 2 * AFV-MOD-CC-IL314 * NR-AFBV * PPR-PRV-CC-455C * SL- T2*/C*/BI*/P*/SL*AFW*/HH1*FB-T2*/CFC PDS-4 
T2-SUCC 

1.42E-7 0.36 T2 * AFV-MOD-CC-IL314 *NR-AFBV * PPR-PRV-CC-456 * SL-T2- T2*/C*/BI*/P*/SL*AFW*/HI*FB-T2*/CFC PDS-4 
SUCC



Table 4.4.2.1 (continued) 

Top Cut Sets Contributing to Internal Core Damage Frequency and Associated Plant Damage States 

Point Percent Cut Set Corresponding Accident Sequence PDS 
Estimate Point Group 

Frequency Estimate 
(/yr) 

1.34E-7 0.34 TDC32 * AFW-TDP-FR-TDP32 * AFW-XIHE-RE-AFW31 T3*/C*/BI*/P*/SL*AFW*MFW-T3*/H1I*FB-T2*CFC*/CSS PDS-7 

9.61E-8 0.25 TI * B;-IHR * DCI-MAI-MA-BCC31 * AC4-RCI-FE-UI-6A * NR- TI*/C*B2*/P*AFWT*B-IHRS PDS-3 
CHGR35 

9.61E-8 0.25 Ti * B-1IHR * DCI-MAI-MA-BCC31 * AC4-RCI-FE-UI-3A * NR- T1*/C*B2*/P*AFWT*B-IHRS PDS-3 
CHGR35 

9.00E-8 0.23 12 * AFV-MOD-CC-IL314 * NR-AFBV T2*/C*/BI*/P*/SL*AFW*/HH*FB-T2*/CFC PDS-4 

9.00E-8 0.23 T2 * AFV-MOD-CC-IL314 * NR-AFBV T2*/C*/BI*/P*/SL*AFW*/HH-*FB-12*/CFC PDS-4 

8.20E-8 0.21 TDC31 * AFW-CCF-FS-AFWPM * AVW-TDP-FR-TDP32 * FB-T2 T3*/C*/Bl*/P*/SL*AFW*MFW-T3*HHIl*FB-T2*CFC*/CSS PDS-7 
SL-T2-SUCC 

7.74E-8 0.20 TDC32 * AFW-MAI-MA-PM31 * AFW-XHE-RE-AFW32 TDC32-2*/C*/BI*/P*AFW*/CFC PDS-13 

7.72E-8 0.20 T3 AFW-TDP-FR-TDP32 * B-IHR SWS-XHE-RE-SWN29 T3*/C*/B*/P*/SL*AFW*MFW-T3*hI*FB-T2*CFC*/CSS PDS-7 

7.70E-8 0.20 TI B-IHR * DCI-MAI-MA-BCC31 FLAG-LOSP * NR-CHGR35* 12*/C*/BI*/P*/SL*AFW*/tHI*FB-T2*/CFC PDS-4 
SWS-MAI-MA-PM36 

7.70E-8 0.20 TI * B-1HR * DCI-MAI-MA-BCC31 * AC4-RCK-NO-BC36C NR- TI*/C*B2*/P*AFWT*B-IHRS PDS-3 
CHGR35 

7.70E-8 0.20 TI * B-1HR * DCI-MAI-MA-BCC31 *AC-RCK-NO-BC36C * NR- T1*/C*B2*/P*AFWT*B-IHRS PDS-3 
CHGR35 

7.61E-8 0.20 TI * B-IHR * DCI-MAI-MA-BCC31 FLAG-LOSP * NR-CHGR35* TI*/C*B2*/P*AFWT*B-IHRS PDS-3 
SWS-MAI-MA-PM36 

7.60E-8 0.19 TDC32 * AFW-MAI-MA-TDP32 * AFW-XHE-RE-AFW31 T3*/C*/BI*/P*/SL*AFW*MFW-T3*/M*FB-T2*CFC*/css PDS-7



Table 4.4.2.2

Internal Events Plant Damage State Group Frequencies

PDS Simplified Description 5th Mean 95th % of Total 
Group Percentile Percentile Core 

Damage 
Frequency 

SBO SBO event with loss of secondary cooling from the 1.77 x 10-6 1.02 x 10' 3.22 x 10-5  23.2 
turbine-driven AFW pump results in core damage at 
high RCS pressure, or stuck-open PORV or RCP 
seal LOCA results in core damage at low-high RCS 
pressure. All accident mitigating functions are 
recoverable when ac power is restored 

TRANS -.Transient-initiated plant damage state involving a 1.52 x 10-6  1.80 x 10-  5.11 x 10-' 40.9 
loss of secondary cooling. Core damage results at 
high or low-high RCS pressure from a failure to 
perform bleed-and-feed cooling or on loss of long
term recirculation cooling. Late injection and 
containment heat removal are available.  

LOCAs Large and small break LOCA with initial or long- 6.06 X 10"V 1.31 x 10'-  3.37 x 10-5  29.8 
term loss of core cooling. Core damage results at 
low or low-high RCS pressure. For most plant 
damage states, late injection and containment heat 
removal are available.  

3.41 x 10"s  2.40 X 107  7.50 X 10"7  0.5 
VSEQU Large and small break interfacing system LOCA 

outside containment. Core damage results at low or 
low-high/RCS pressure with a bypassed 
containment.  

SGTR Long-term SGTR event coupled with failure to 4.86 x 10- 2.42 x 10-6 7.38 x 10.6 5.5 
perform RCS cooldown and depressurization, stuck
open steam generator SRV, or loss of secondary 
cooling and primary bleed-and-feed core cooling.  
Core damage results at high or low-high RCS 
pressure. Late injection, containment heat removal, 
and containment sprays are available. However, the 
containment is bypassed.
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The factors that most affect this PDS group frequency are the initiator frequency (i.e., loss of 
offsite power and control building internal flooding frequencies), and the probabilities of RCP 
seal failure, a stuck-open PORV, and mechanical faults of the steam-turbine-driven AFW 
pump.  

Plant Damage State Group 2 

This PDS group has a 1.80 x 1 05/yr mean internal CDF, representing 40.9 percent of the total 
CDF. In this group, 2456 cut sets are responsible for 95 percent of the PDS group frequency.  

PDS group 2 comprises twenty-three long-term and one short-term (ATWS) plant damage 
states initiated by a transient). Twenty-one long-term PDSs involve a loss of AFW secondary 
cooling and subsequent failure of either bleed-and-feed core cooling or long-term recirculation 
core cooling. The remaining two plant damage states (PDS-24 and PDS-36) involve a stuck
open PORV and subsequent failure of long-term recirculation cooling. The short-term ATWS 
plant damage state involves a failure to provide adequate reactivity control, and is assumed to 
behave similarly to a total loss of heat sink event. Without adequate secondary cooling, steam 
generator dryout occurs and high or low-high RCS pressure results. Unable to reduce RCS 
pressure, high and low-head safety injection are precluded. RCS boil-off ensues and core 
damage results. Late injection is available provided the RCS is depressurized (i.e., upon 
vessel failure or a large temperature induced break in the RCS). Containment heat is removed 
by containment fan coolers units or the RHR heat exchangers.  

The factors that most affect this PDS group frequency are the initiator frequency (loss of main 
feedwater and turbine trip frequencies), the probabilities that the operator fails to align bleed
and-feed cooling and long-term high-head recirculation in time, and the probability of random 
mechanical faults of high-head recirculation core cooling.  

Plant Damage State Group 3 

This PDS group has a 1.31 x 1 05/yr mean internal CDF, representing 29.8 percent of the total 
CDF. In this group, 232 cut sets are responsible for 95 percent of the PDS group frequency.  

PDS group 3 consists of sixteen short-term LOCA plant damage states (eleven large LOCAs, 
four intermediate LOCAs and one ATWS-induced large LOCA plant damage state) and five 
long-term small break LOCA plant damage states. In all cases, RCS boiloff ensues because 
of a failure to align long-term recirculation cooling or random mechanical faults in the 
recirculation and RHR systems. All of the large LOCA plant damage states (PDSs-27, 28, 
29, 30, 31, 32, 33, 34, 35, 40 and 46) proceed to core damage at low RCS pressure (<675
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psia); the intermediate LOCAs (PDSs-25, 26, 39, and 54) and small LOCAs (PDS-23, 38, 
47, 53, and 55) proceed to core damage at low-high RCS pressure (>675 psia, < 2350 psia).  
In two of the large LOCA plant damage states (PDS-28 and 34), initial core cooling injection 
is lost and thus the only means of providing water from the RWST into the containment 
sumps is by containment spray system operation or gravity drain from the RWST. The 
remaining PDSs involve a failure of long-term recirculation core cooling caused by operator 
error or random mechanical faults. Containment heat is removed by containment fan coolers 
and RHR heat exchangers (seven PDSs), containment fan coolers only (four PDSs), or RHR 
heat exchangers only (seven PDSs). In four PDSs, neither containment fan coolers and RHR 
heat exchangers are available.  

The factors that most affect this PDS group frequency are large- and small break LOCA 
frequencies, the probability that the operator fails to align long-term low-head recirculation in 
time, and the probabilities of random mechanical faults of the RHR and high-head safety 
injection systems and of low-head recirculation core cooling.  

Plant Damage State Group 4 

This PDS group has a 2.40 x 10 7/yr mean internal CDF, representing 0.5 percent of the total 
CDF.  

PDS group 4 consists of one short-term large and one long-term small LOCA outside 
containment (V-Sequence) plant damage state: a break in low pressure system piping that 
interfaces with the RCS occurs outside containment and RWST inventory discharges into the 
primary auxiliary building (PAB). With long-term cooling precluded, RCS boil-off ensues.  
Core damage proceeds at either low or low-high RCS pressure with a bypassed containment.  

The factors that most affect this PDS group frequency are the frequencies of large- and small
break ISLOCAs outside containment (i.e., of RCS check and motor-operated valve faults) and 
the probability of a failure to diagnose and isolate the break before RWST depletion.  

Plant Damage State Group 5 

This PDS group has a 2.42 x 10 6/yr mean internal CDF, representing 5.5 percent of the total 
CDF. In this group, 29 cut sets are responsible for 95 percent of the PDS group frequency.  

PDS group 5 comprises three SGTR plant damage states. RCS boil-off occurs after RWST 
depletion, because of an inability to align long-term recirculation cooling from the 
containment sumps. Core damage ensues at low-high RCS pressure (>675 psia, < 2350,psia) 
with the containment bypassed. The SGTR PDS group involves a stuck-open steam
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generator safety relief valve, a failure to perform timely RCS depressurization, or a loss of 
heat sink (secondary cooling).  

The factors that most affect this PDS group frequency are the SGTR initiator frequency, and 
the probabilities of a failure to isolate AFW flow to the ruptured steam generator, a failure to 
depressurize the RCS, and random mechanical faults of the AFW system.  

4.5 CONTAINMENT FAILURE CHARACTERIZATION 

The likely modes of containment failure or bypass for the various plant damage states were 
identified and estimates of the ultimate containment failure probability and the timing of 
subsequent fission product release to the environment obtained. To characterize containment 
failures, a number of failure modes were examined: 

N Static overpressure failure 

a Dynamic containment failure resulting from shock waves developed by postulated 
severe accident phenomena 

0 Basemat melt-through as a result of core-concrete interactions 

0 Isolation failures 

a Failure of containment electrical penetrations as a result of thermal attack 

E Bypass failures that result from steam generator tube rupture or interfacing LOCAs.  

4.5.1 STATIC OVERPRESSURE CONTAINMENT FAILURE 

In the postulated severe accidents analyzed, containment failure may result from static 
overpressures caused by steam generation, the generation of non-condensible gases during 
core-concrete interactions (CCI), and hydrogen combustion. Containment failure is possible 
in all phases of a severe accident--its occurrence depends on the sequence of events and the 
pressure at which the containment failure would be occasion by to static overpressure.  
Containment failure was characterized by four attributes:
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0 Probability of containment failure as a function of containment pressure 

0 Containment failure size 

M Time of containment failure 

M Containment failure location.  

The probability of containment failure at a particular containment pressure is important 
because fission products released from the reactor during the core melt progression may 
subsequently be released from the containment atmosphere to the environment.  

The containment failure size determines the rate at which radionuclides are released to the 
environment. Two break sizes were assumed: leakage (leak area less than 0.1 ft2 such that 
containment depressurization takes more than 2 hours) and rupture (leak area greater than 1 ft 2 

such that containment depressurization occurs within 2 hours).  

The time at which the containment fails affects the efficacy of in-containment radionuclide 
removal processes. These processes include natural processes (i.e., gravitational settling) and 
the operation of engineered safeguard features (containment sprays).  

The location of containment failure influences potential mechanisms for the removal of 
radionuclides in containment for containment overpressure and basemat failures. Containment 
failure can occur above ground (discharging radionuclides directly to the outside environment 
or through the primary auxiliary building) or below ground (as a result of basemat failure).  

An evaluation performed by EQE International examined several potential containment failure 
modes [70] including direct pressure-induced modes (such as shell membrane failure or major 
equipment and personnel hatch failures) and indirect, deformation-induced modes (such as 
pipe or refuieling tube penetration failure resulting from the relative movement of the 
containment shell and an essentially stationary pipe support, inside or outside containment).  

Global structural failure of the 1P3 containment building is expected to be controlled by 
failure of the basemat structure, with shear failure as the dominate failure mode. The 5th
95th percentile range of potential failure pressure, at a containment temperature of 400*F, 
extends from 112 psig to 203 psig, with a median failure pressure of 151 psig. Figure 4.5.1.1 
presents the cumulative containment failure probability distribution as a function of 
containment pressure for basemat failure.
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However, the most probable containment failures were predicted to be liner tears in the 
vicinity of the main steam and feedwater pipe penetrations (at the 63- and 57-ft elevations, 
respectively). Both these failures are expected to result in small, controlled leaks with a 
potential for an increasing leak area should containment internal pressure continue to rise.  
The 5th-95th percentile range of potential failure pressure extends from 111 psig to 163 psig 
at a containment temperature of 4000F, with a median failure pressure of 134 psig. Figure 
4.5.1.2 presents the cumulative containment failure probability distribution as a function of 
containment pressure for liner tear failure.  

The containment event tree assumed that containment leakage failures would occur between 
100 psig to 140 psig, and containment rupture failures occasioned by dynamic failures (DCH, 
hydrogen bums, etc) would occur between 140 psig to 155 psig (leak area > 1 ft2. This 
assumption would appear to be reasonably conservative.
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Figure 4.5. 1.1 
IP3 Basemat Cumulative Failure Probability at 400 deg F 
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Figure 4.5.1.2 
Uner Cumulative Failure Probability at 400 deg F 
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4.5.2 DYNAMIC PRESSURE CONTAINMENT FAILURE

Dynamic failure of the containment can occur as a result of energetic events such as direct 

containment heating, hydrogen combustion, and in- or ex-vessel steam explosions.  

Direct Containment Heating. Direct containment heating (DCH) may occur if the 

reactor vessel fails at high pressure. In such a failure, molten core material that has 

accumulated in the vessel lower plenum will be ejected as fine particulates and fission product 

aerosols into the reactor pit (sump), through the instrument tunnel, and into the seal table 

area. The particles will cause substantial convective and radiative heat transfer to the 
containment atmosphere that could result in very high containment temperatures and 
pressures. Containment failure could then result from the combination of high containment 
pressure and thermal loads. In addition, chemical reactions involving unoxidized metals 
contained in the finely dispersed particles may ensue. The release of oxidation energy and the 
generation of hydrogen provide added challenges to containment integrity. DCH was 
therefore considered in the containment event tree.  

Hydrogen Combustion. In severe reactor accidents, hydrogen is generated in the 
containment by metal-water reactions, core-concrete interactions, and, to a lesser extent, 
radiolytic decomposition of water. Hydrogen combustion after vessel breach depends on 
minimum hydrogen concentrations, oxygen availability, and steam inerting concentrations for 
a large dry containment. Hydrogen combustion that occurs in conjunction with a direct 
containment heating event, may cause a rapid pressure rise inside containment resulting in 
early containment overpressure failure. Late overpressure containment failure can also result 
from hydrogen combustion following extensive core-concrete interactions.  

In-Vessel Steam Explosion. An in-vessel steam explosion may occur if molten metal 
debris contacts water in the reactor vessel lower plenum--in-vessel steam explosions can result 

in the generation of a missile that can fail containment. However, opinions expressed by the 
Steam Explosion Review Group (NUREG- 116) [71 ] concluded that this mode of failure was 
most unlikely. Mean probabilities of 0.008 for an in-vessel steam explosion low pressure 
sequences and 0.0008 for an in-vessel steam explosion in high pressure sequences were 
assigned for the Surry plant. These values were also used in this analysis.  

Ex-Vessel Steam Explosion. An ex-vessel steam explosion may occur if molten metal 

debris contacts water in the reactor pit--ex-vessel steam explosions can result in rapid pressure 
rises that could cause loss of containment integrity.  

The IP3 containment event tree assumed that containment rupture occasioned by dynamic 
failures (DCH, hydrogen bums, etc.) would occur between 140 psig to 155 psig). Again, this 
assumption would appear to be reasonably conservative.
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. 4.5.3 BASEMAT EROSION MELT-THROUGH 

At IP3, the reactor pit can be filled with water from containment spray operation, or upon 
vessel breach, by ECCS injection. However, containment basemat erosion melt-through may 
occur, with or without water, if an uncoolable core debris geometry is formed. Because the 
reactor pit can contain the expected core material, and because the concrete is a limestone 
aggregate and thus capable of generating considerable volumes of non-condensible gas, this 
mode of containment failure was considered in the containment analysis.  

4.5.4 CONTAINMENT ISOLATION SYSTEM FAILURES 

Containment isolation valves isolate the containment during a postulated accident to prevent 
the release of fission products to the environment. Containment isolation is provided for 
piping that enters the RCS and penetrates the containment wall structure or piping that 
communicates directly with the containment atmosphere by two redundant barriers that may 
involve a combination of motor-operated valves, check valves, manual valves, or blank 
flanges in series.  

In addition, the isolation valve seal water system (IVSWS) provides a water seal at the 
O containment isolation valves to ensure boundary integrity. However, the IVSWS is effective 

only for minor leaks under design basis conditions (containment pressure <47 psig). Because 
containment pressure exceeds 47 psig in most severe accidents, the IVSWS will be unable to 
maintain containment integrity or reduce the source term. Therefore, the IVSWS was not 
considered in this study.  

Significant fission product releases to the environment may occur through the following 
critical containment penetrations: 

0 Piping that communicates directly with the containment atmosphere and exceeds 2 in.  
in diameter. Piping that communicates directly with the RCS was not considered, 
however, because failure of this piping was considered to be a containment bypass 
event (and addressed in Section 5.7).  

E Drain lines from sumps inside containment that are ultimately routed into the primary 
auxiliary building.  

Based on these criteria, eight lines were selected for examination. Using fault tree analysis, a 
probability of containment isolation failure of 3.04 x 10 ' per demand was predicted.
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4.5.5 CONTAINMENT ELECTRICAL PENETRATION FAILURES

Containment failure may result from thermal failure of electrical penetrations when 
containment temperatures are high. Such high temperatures are caused by the radiation of 
long-term, decay energy to the containment atmosphere and structures upon dispersion of 
debris outside the pit into surrounding containment volumes.  

There are 64 electrical penetrations (including 8 spares) into the containment building. The 
penetrations are Westinghouse-designed, and use epoxy potted type (polysulfone! 
polycarbonates) sealant. While this material is environmentall y qualified for 340OF and 56 
psig for 6 hours, it is not expected to fail at this temperature. Instead, thermal degradation 
may occur if it is exposed to higher temperatures (>400'F) over a long period of time (> 24 
hours). Because severe accident progressions in which the containment is at high 
temperatures over a prolonged time are highly improbable, thermal failure of electrical 
penetrations was not modeled in the containent event tree.  

4.5.6 CONTAINMENT BYPASS 

Containment bypass provides a direct release path from the RCS to the primary auxiliary 
building or the environment. Containment bypass is caused by failure of a containment 
penetration pressure boundary between high-pressure RCS piping and low-pressure piping.  
The most likely mechanisms involve interfacing system LOCAs, steam generator tube 
ruptures, or steam generator tube ruptures induced during a core melt progression. Because a 
containment bypass event entails core damage as a result of loss of long-term recirculation 
cooling (RCS and RWST inventory is discharged outside containment), the consequences are 
significant. Therefore, the impact of this containment failure mode was considered in the 
containment event tree and source term analysis.  

4.5.7 SUMMARY OF CONTAINMENT FAILURE CHARACTERIZATION 

The evaluation of the containment failure characteristics indicates that the anticipated 
containment response to severe accidents at IP3 is very similar to that at other plants With 
large dry containments (i.e., Indian Point Unit 2, Zion, Turkey Point). This conclusion was 
reinforced by an evaluation of the expected pressure capacity of 1P3 containment in which 
failure capacities for a number of potential failure modes and temperature were predicted.  

Breach of the containment pressure boundary is expected to be controlled by the containment 
liner tearing in the vicinity of the main steam and feedwater penetration as a result of 
interference forces transferred through pipe penetrations. This mode of failure was predicted
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to result in a small, controlled leak with an increasing leak area possible, should containment 
internal pressure continue to rise after liner tear. Containment breach is predicted at median 
pressures ranging from 137 psig to 121 psig at temperatures of 2000 to 800'F.  

4.6 CONTAINMENT EVENT TREE 

The containment event tree (GET) characterizes the response of the containment to important 
severe accident sequences. The CET acts as a "bridge" between the plant damage states 
(PDSs) described in Section 4.4 and the analysis and quantification of the accident 
progression in Section 4.7. A single CET was used for all plant damage states.  

4.6.1 SELECTION OF THE CONTAINMENT EVENT TREE 

The GET developed in this study was based on important phenomena and systems-related 
events identified in NUREG-1335 [2] and NSAC-159, Volume 2 [72] and on plant features 
that influence the phenomena. Although the same GET was used for all plant damage states, 
GET quantification results differ because of unique PDS characteristics.  

4.6.2 THE CONTAINMENT EVENT TREE AND SUBTREES 

4.6.2.1" The Containment Event Tree 

The GET considers the progression of a severe accident from the time core damage is 
imminent through core-concrete interactions. The GET is divided into four time periods: 

E Accident initiation 

0 Period during which the operators attempt to avert core damage 

0 Period from immediately before vessel breach until significant core-concrete 
interactions commence 

0 Period during which core-concrete interactions occur.
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The quantification of the CET for the dominant plant damage states entails evaluating 
containment pressures and temperatures and the timing of key events. Accident progressions 
were defined by the answers to a series of questions associated with the top events in the 
event trees.  

Severe accident progression was modeled by one main CET and twelve subtrees. The main 
event tree shows the various top events used for each tree. It does not, however, show 
branches (and therefore sequences) in the CET model that scoping calculations showed to 
have a negligible probability (i.e., <1 05/core damage event). These branches could, however, 
represent a large number of sequences with a small total frequency.  

The main CET has eighteen top events: 

Initiating Event (IEVNT). This event represents all possible initiators considered for the 
containment performance analysis. These initiators are sequence groups identified in Section 
4.4: 

m. Station Blackout [SBO] 

0 Transient [TRANS] 

0 Loss-of-Coolant Accident [LOCA] 

0 Containment Bypass [VSEQU] 

M Steam Generator Tube Rupture [SGTR].  

Status of Reactor Vessel Lower Head (PCD-VF). This top event defines whether a gross 
vessel lower head failure occurs prior to core damage as a result of a main steamline break 
and subsequent pressurized thermal shock conditions. This top event has two possible 
outcomes: 

* No vessel lower head failure occurs prior to core damage [nPCD-VF] 

* Vessel lower head failure occurs prior to core damage [PCD-VF].  

Reactor Coolant System Break Size (RCS-Brk). This top event defines the size of the 
break in the RCS corresponding to the initiating event. This event has three possible 
outcomes:

4-54



* . A large break occurs in the RCS [Large] 

0 A medium break occurs in the RCS [Md] 

N A small break, or no break at all, occurs in the RCS [SMnBrk].  

Status of the Pressurizer PORVs and SRVs Prior to Core Damage (SORV). This top 
event defines whether a single pressurizer power-operated relief valve (PORV) or safety relief 
valve (SRV) is stuck-open prior to core damage. This top event has two possible outcomes: 

E No pressurizer PORV or SRV sticks open prior to core damage, thus preserving RCS 
integrity [nSORV] 

E A pressurizer PORV or SRV sticks open prior to core damage [SORV].  

Status of the Steam Generators SRVs (SOSGSV). This top event defines whether a steam 
generator safety relief valve (SRV) is stuck-open prior to core damage. This event has two 
possible outcomes: 

* . No steam generator safety relief valve sticks open [nSOSGRV] 

E A steam generator SRV sticks open [SOSGRV].  

Pressurizer PORV or SRV Sticks Open while Cycling Prior to Vessel Failure (ESORV).  
This top event defines whether a pressurizer PORV or SRV sticks open prior to vessel failure 
during a high RCS pressure core melt progression. This top event has two possible outcomes: 

0 Temperature/pressure-induced stuck-open safety relief valve [ESORV] 

E No temperature/pressure-induced stuck-open safety relief valve [nESORV].  

RCS Pressure at Vessel Failure (RCS@VF). This top event defines whether 
depressurization of the RCS occurs prior to vessel breach. Success at this event node implies 
RCS depressurization that results from operator action or the occurrence of some phenomenon 
that induces RCS depressurization. This top event has three possible outcomes: 

0 High RCS pressure (> 2350 psia) at vessel breach [High] 

* N Medium RCS pressure (2350 psia > pressure > 675 psia) at vessel breach [Med] 

4-55



N Low RCS pressure (< 675 psia) at vessel breach [Low].

For accident sequences in which the RCS is at high or medium pressure prior to vessel 
breach, high- and low-head safety injection systems are initially unable to deliver make-up to 
the reactor vessel. For these sequences, depressurization of the RCS may remove the 
condition that precludes coolant injection, allowing coolant make-up, and eliminate the high 
RCS pressure that could exacerbate containment challenges at vessel breach (e.g., DCH).  

Spray Operations Early (E-SPRAY). This event defines whether containment sprays are 
initiated prior to vessel failure by a high containment pressure signal. Containment sprays can 
provide significant scrubbing of airborne fission product, and thus significantly reduce the 
environmental source term. This top event has two possible outcomes: 

0 Sprays operate prior to vessel breach [E-Spry] 

E Sprays do not operate prior to vessel breach [nE-Spry].  

Core Melt Percentage at Reflood (CM>20%). This top event defines the extent of core 
melt in sequences in which injection is recovered prior to vessel failure. The core melt 
progression can be terminated in-vessel upon recovery of coolant injection only if less than 20 
percent of the core has melted at the time of injection recovery. This event has two possible 
outcomes: 

N Less than 20 percent of the core melts prior to reflood of the RCS [CM<20%] 

0 Greater than 20 percent of the core melts prior to reflood of the RCS [CM>20%].  

Vessel Failure (VF). This event addresses recovery from core degradation within the vessel 
and the prevention of vessel head thermal attack. Core melt recovery requires the recovery of 
core cooling prior to core blocking or relocation of molten debris to the lower plenum and 
thermal attack of vessel head. Therefore, the primary consideration for successful in-vessel 
recovery is the time interval between incipient core degradation and the point at which vessel 
failure is inevitable. The vessel failure event has two possible outcomes: 

N In-vessel recovery and the termination of the core degradation process prior to vessel 
failure [nVF]. Success precludes significant fission product release to the 
environment.  

a Vessel failure [VF].  
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Early Containment Failure (CFE). This event node considers the potential loss of 
containment integrity at, or before, vessel failure. Several phenomena are considered credible 
mechanisms for early containment failure. They may occur alone or in combination. The 
phenomena are: 

M Containment isolation failure 

0 Containment bypass 

* Rapid overpressurization caused by hydrogen deflagration or detonation 

0 Rapid overpressurization caused by fuel-coolant interactions (FCIs) 

0 Rapid overpressurization at vessel failure resulting from DCH 

0 Penetration of the containment due to high pressure RCS blowdown launching the 
reactor vessel as a projectile 

For early containment failures, containment leakage (with the failure size such that further 
long-term pressure increase is prevented and a reduction to atmospheric pressure occurs over a 
period longer than two hours) is distinguished from containment rupture (in which 
containment pressure is reduced to atmospheric within two hours). This distinction could 
significantly impact source term.  

The early containment failure event has three possible outcomes: 

0 The containment is intact at vessel failure [nCFE] 

N A leak-size containment failure occurs prior to, or at, vessel failure [CFELk] 

0 A rupture-size containment failure occurs prior to, or at, vessel failure [CFERp].  

Late Water to Debris (L-H20). This event defines whether an overlying pool of water 
forms on ex-vessel debris. It should be noted that in-vessel core degradation recovery (nVF) 
implies water overlies the debris. Water can be supplied to the debris following vessel failure 
by means of coolant injection and containment sprays. A pool overlying the debris bed can 
provide significant fission product scrubbing, considerably decreasing the environmental 
source term. Debris which has relocated to the reactor pit will likely be contained within it 
and would be covered by water injected into the reactor vessel.
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The L-H20 event has two possible outcomes:

E A pool overlies debris that has relocated to the reactor pit [L-H20] 

M No overlying pool exists [nL-H20].  

Late Recirculation to Vessel (L-RECIRC). This event defines whether recirculation is 
established to the vessel following its failure. Success in the L-H20 event is required for 
success in this top event. Recirculation flow has a direct impact on revolatilization of fission 
products that were deposited on RCS surfaces in the early phase of the accident. The 
RECIRC event has two possible outcomes: 

0 Recirculation is established [L-RECIRC] 

E Recirculation is not established [nL-RECIRC].  

Late Containment Heat Removal (L-CHR). This event defines whether containment heat 
removal is available late. This event is relevant to sequences in which heat is transferred 
between the debris and the water in the reactor pit. Should containment heat removal be 
unavailable, water in the reactor pit will boil off, and core-concrete interactions and 
containment overpressure result. This event has two possible outcomes: 

M Containment heat removal is available late [L-CHR] 

E Containment heat removal is not available late [nL-CHR].  

Coolable Debris Forms Ex-Vessel (DCOOL). This event was included in the CET to 
signify a possible termination of the core melt progression. Success implies that a coolable 
debris bed is formed, terminating core melt progression and concrete attack, and thus 
precluding ex-vessel fission product releases from core-concrete interactions (CCIs). Success 
also implies that containment overpressure challenges from non-condensible gas generation are 
precluded and thus that long-term containment integrity is more likely to be maintained. This 
top event is possible for PDSs in which the low pressure injection systems were unable to 
inject due to high/medium RCS pressure prior to vessel breach. When the vessel is breached, 
however, these systems would likely start to deliver coolant, possibly quenching the debris.  

Failure at this node implies concrete attack in the cavity, core debris that remains hot, and 
sparging of the concrete decomposition products through the melt such that less volatile 
fission products are carried to the containment atmosphere. Failure is considered more likely 
if a deep core debris bed is formed in the reactor pit that limits exposure to coolant and the

4-58



dissipation of decay heat to the surroundings. Should an impenetrable crust form on the core 
debris, coolant addition is unlikely to terminate concrete attack, although released fission 
product aerosols could be scrubbed by an overlying water pool. This event has two possible 
outcomes: 

N The debris is cooled [DCOOL] 

N The debris is not cooled [CCI].  

Containment Sprays (L-SPRAY). This event defines whether containment sprays operate in 
the recirculation mode following vessel failure. Containment sprays can provide significant 
airborne fission product scrubbing, and thus significantly lower the environmental source 
term. While sprays may be initiated following vessel failure if not required in the early phase 
of the accident, hydrogen combustion in containment may disable containment spray operation 
in recirculation mode. The LSPRAY event has two possible outcomes: 

M Containment sprays operate following vessel failure [L-Spry] 

0 Containment sprays do not operate following vessel failure [nL-Spry].  

Late Containment Failure (CFL). This event is included in the CET to address the 
potential loss of containment integrity after vessel failure. In contrast to early containment 
failure, late containment failure may result from long-term steam and non-condensable gas 
generation from concrete attack. Other differences between early and late containment failure 
are that neither overpressurization caused by FCIs and DCH nor penetration of the 
containment by a vessel projectile are considered credible late containment failure modes.  
However, basemat melt-through is a credible containment failure mode. Early and late 
containment failures are similar in that they consider rapid overpressurization of the 
containment due to hydrogen deflagration or detonation. Potential failure modes considered at 
this stage of the core damage sequence are dependent on previous events in the CET. The 
CFL event has three possible outcomes: 

0 The containment does not fail late [nCFL]. This includes all sequences in which the 
containment remains intact, and all sequences in which an early containment leak 
occurred and no late containment rupture occurred.  

M A leak-size containment failure occurs following vessel failure [CFL-Lk] 

M A rupture-size containment failure occurs following vessel failure [CFL-Rp].
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The relationships between the different containment failure modes (both early and late) and 
source term evaluation are documented Section 4.7.  

Release Category (RC). This event depicts the results of the source term evaluation for each 
event tree sequence in terms of release categories. The release category definitions and 
sequence evaluation method are documented in Section 4.8.  

4.6.2.2 The CET Subtrees 

Containment event tree subtrees were used to support the quantification of CET top events 
except for the following top events that are determined by plant damage state logic: 

0 Initiating event 

* Status of reactor vessel lower head 

M RCS break size 

N Pressurizer stuck-open PORV or SRV 

M Steam generator stuck-open SRV 

* Late containment heat removal.  

The CET subtrees describe the logic structure modelled for each CET top event.  

Pressurizer PORV or SRV Sticks Open While Cycling Prior to Vessel Failure (E SORV) 
Subtree 

The top events in the ESORV subtree are: 

IEvnt. This event represents the initiating event that results in core damage. This event is 
identical to top event IEVNT of the main CET.  

RCSPress. This event is sequence-dependent and defines the impact that RCS 
repressurization has on the RCS pressure immediately after core damage. There are three 
possible outcomes:
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0 RCS pressure is low (pressure < 675 psia) [Low]

M RCS pressure is medium (675 psia < pressure < 2350 psia) [Med] 

M RCS pressure is high (2350 psia _< pressure) [High].  

Op-DP. This event is sequence-dependent and defines whether the operator depressurizes the 
RCS through the power-operated relief valves (PORVs). It was assumed that this action will 
be attempted only if the RCS pressure is high following core damage. The action requires ac 
power; its probability of success depends on the time available to the operator to perform the 
action. The event has two possible outcomes: 

0 The operator depressurizes the RCS through the PORVs [DP-PORV] 

M The operator fails to depressurize the RCS through the PORVs or the action is not 
required (i.e. RCS pressure is not high) [nDP-PORV].  

E-SORV. This event represents the outcome of the subtree. It is a sequence-dependent and 
defines whether a relief valve (pressurizer PORV or SRV) sticks open prior to vessel failure.  
It was assumed that PORVs/SRVs will cycle at high RCS pressure, and the probability that 
one sticks open depends on the number of cycles that occur before vessel failure. One stuck
open relief valve will reduce RCS pressure from high to medium or from medium to low.  
This event has two possible outcomes: 

M Temperature/pressure-induced stuck-open safety relief valve [E-SORV] 

M No temperature/pressure-induced stuck-open safety relief valve [nE-SORV].  

RCS Pressure at Vessel Failure (RCSVF) 

The top events in the DP subtree are: 

IEvnt. This event represents the initiating event that results in core damage. This event is 
identical to top event IEVNT of the main CET.  

RCS-Brk. This event defines the size of the break in the RCS corresponding to the initiating 
event. This event has three possible outcomes: 

M A large break (break Size > 0.2 ft2) occurs in the RCS [Large]

4-61



0 A medium break (0.02 ft2 < break size < 0.2 ft2) occurs in the RCS [Md] 

0 A small break, or no break at all, (0.0 ft2 < break size < 0.02 ft2) occurs in the RCS 
[SMnBrk].  

SORV. This event defines whether the initiator was a stuck-open relief valve (SORV).  
Assuming a single stuck-open valve, a SORV is equivalent to a medium-size break in the 
RCS. This event has two possible outcomes: 

• The initiating event was a SORV [SORV] 

0 The initiating event was not a SORV [nSORV].  

AFW. This event defines the status of auxiliary feedwater (AFW) operation prior to core 
damage. With AFW operation, the RCS can be depressurized through secondary-side 
depressurization. This event has three possible outcomes: 

M AFW is available, but not operating at core damage because ac power was not 
available [aAUX-FW] 

M AFW is operating [opAUX-FW] 

0 AFW is not operating [fAUX-FW].  

This event depends on the initiating event.  

Sec-Sys. This event defines whether the RCS is depressurized prior to core damage through 
depressurization of the secondary side. Success at the previous event node (AFW) is a 
necessary condition for success at this event node. This event has two possible outcomes: 

M RCS depressurization is accomplished prior to core damage through depressurization of 
the secondary side [Sec-DP] 

0 RCS depressurization is not accomplished prior to core damage through 
depressurization of the secondary side [nSec-DP].  

RCS@CD. This event defines RCS pressure at the time of core damage. There are three 
possible outcomes:
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* The RCS pressure is low (pressure < 675 psia) [Low] 

M The RCS pressure is medium (675 psia < pressure < 2350 psia) [Med] 

0 The RCS pressure is high (2350 psia < pressure) [High].  

This event depends on the initiating event..  

RCS-Rep. This event is sequence-dependent. It defines whether RCS repressurization occurs 
in sequences in which RCS depressurization was accomplished through depressurization of the 
secondary side (event Sec Sys). Consistent with the treatment in the NUREG/CR-4551 
analysis for Surry [6], the generation of non-condensible gases was assumed to always results 
in repressurization in these sequences. This event has two possible outcomes: 

M The RCS is repressurized [RCS-Rep] 

0 The RCS is not repressurized [nRCS-Rep].  

RCS-Press. This event is sequence-dependent and defines the impact that RCS . repressurization (event RCS-Rep) has on RCS pressure immediately after core damage. The 
event and its outcomes are described with the top events of the E-SORV subtree.  

Timing. This event defines the time between the initiating event and core damage. This 
event has two possible outcomes: 

E The time between the initiating event and core damage is < 2 hours [S-Term] 

M The time between the initiating event and core damage is > 2 hours [L-Term].  

E-AC. This event is sequence-dependent and defines whether ac power is available prior to 
vessel failure. This event has two possible outcomes: 

M Power was available or ac power was recovered prior to vessel failure [E-AC] 

0 The initiator was a station blackout and ac power was not recovered prior to vessel 
failure [nE-AC].  

Op-DP. This event is sequence-dependent and defines whether the operator depressurizes the 
* RCS through the power-operated relief valves (PORVs). The event and its outcomes are 
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described with the top events of the E-SORV subtree.  

E-SORV. This event is a sequence-dependent and defines whether a relief valve (PORV or 

pressurizer SRV) sticks open prior to vessel failure. The event and its outcomes are 

described with the top events of the ESORV subtree.  

HLSL. This event is sequence-dependent and defines whether a temperature-induced break 

occurs in an RCS hot leg or pressurizer surge line. Such a break will reduce RCS pressure to 

a low level. This event has two possible outcomes: 

0 A break occurs in the hot leg or surge line [nHLSLOK] 

E No break occurs in the hot leg or surge line [HLSLOK].  

RCS@VF. This "event represents the outcome. It is sequence dependent and defines 

whether the RCS pressure is reduced prior to vessel failure. This event has three possible 

outcomes: 

0 RCS pressure is low (pressure < 675 psia) at vessel failure [Low] 

0 RCS pressure is medium (675 psia < pressure < 2350 psia) at vessel failure [Medium] 

0 RCS pressure is high (2350 psia < pressure) at vessel failure [High] 

Spray Operations Early (E-SPRAY) Subtree 

The top events in the subtree are: 

I Evnt. This event represents the initiating event that results in core damage. This event is 

identical to event IEVNT of the main CET.  

AC@CD. This event is sequence-dependent and defines whether ac power is available at the 

time of core damage. The availability of ac power precludes the need to restore ac power 

after core damage, thus ensuring the outcome of EAC. This event has two possible 

outcomes: 

0 AC power is available at core damage[AC@CD]
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0 The initiator was a station blackout and ac power was not recovered prior to core 
damage[nAC@CD].  

FC@CD. This event defines the status of the containment fan cooler units. The availability 
of fan cooler units determines the likelihood of containment spray operation. Any sequence 
in which the fan coolers fail to operate results in containment pressure exceeding 22 psig and 
therefore in a demand for containment spray actuation. There are three possible outcomes: 

M Containment fan cooler units are operating at the time of core damage [FC] 

0 Containment fan cooler units are failed at the time of core damage [nFC] 

0 Containment fan coolers are available, but not operating at the time of core damage 
because ac power was unavailable [aFC].  

VE-SPRAY. This event is sequence-dependent and defines whether containment spray 
operates in the injection mode (from the RWST) before core damage. Successful operation of 
very early containment spray coupled with containment fan cooler unit operation eliminates 
the need for further spray operation prior to vessel failure. This event has two possible 
outcomes: 

M Containment sprays operate prior to core damage [VE-SPRY] 

M No containment sprays operation prior to core damage [nVE-SPRY].  

E-AC. This event is sequence-dependent and defines whether ac power is available prior to 
vessel failure. The event and its outcomes are described with the top events of the RCS@VF 
subtree.  

E-FC. This event is sequence-dependent and defines whether the containment fan cooler 
units are operating after core damage but prior to vessel failure. This event has three possible 
outcomes: 

0 Containment fan cooler units are operating at the time of vessel failure [FC] 

M Containment fan cooler units are failed at the time of vessel failure [nFC] 

0 Containment fan coolers are available, but not operating at the time of vessel failure 
because ac power was unavailable [aFC].
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E-CP. This event is sequence-dependent and defines the containment base pressure at vessel 
failure. Containment pressure exceeding 22 psig results in a need for containment spray 
operation. This event has two possible outcomes: 

0 Containment base pressure is greater than 22 psig [CP>22] 

0 Containment base pressure is less than 22 psig [CP<22].  

E-SPRAY. This event represents the outcome. It is sequence dependent and defines 

containment sprays are initiated prior to vessel failure by a high containment pressure signal.  
This top event has two possible outcomes: 

* Sprays operate prior to vessel breach [E-Spry] 

0 Sprays do not operate prior to vessel breach [nE-Spry].  

CM<20%. This event is sequence-dependent and defines whether the RCS is re-flooded prior 
to 20 percent core melt. Success in this event prevents a collapse of the core en-masse. This 
event has two outcomes: 

0 Less than 20 percent of the core melts prior to re-flood of the RCS [CM<20%] 

N More than 20 percent of the core melts prior to re-flood of the RCS [CM>20%].  

Vessel Failure (VF) Subtree 

The top events in the VF subtree are described below.  

I Evnt. This event defines the initiating event that resulted in core damage. This event is 
identical to event IEVNT of the Main CET.  

PCDVF. This event defines whether a gross vessel lower head failure occurs prior to core 
damage. This event has two outcomes: 

* No vessel lower head failure prior to core damage occurs [nPCDVF] 

E Vessel lower head failure prior to core damage occurs [PCDVF].
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ALPHA. This event is sequence-dependent and defines whether an alpha mode event occurs.  
An alpha mode event is possible only if core slump occurs with subsequent in-vessel fuel 
coolant interactions (FCIs). Vessel failure follows. Phenomena related to FCIs are addressed 
in the FCI sub-subtree. The ALPHA event has two possible outcomes: 

0 An alpha mode failure occurs [ALPHA] 

0 An alpha mode failure does not occur [nALPHA].  

CM<20%. This event is sequence-dependent and defines whether the RCS is re-flooded prior 
to 20 percent core melt. The event and its outcomes are described with the top events of the 
ESPRY subtree.  

H2OPIT. This event is sequence-dependent and defines whether water is present in the 
reactor pit prior to vessel failure. It thus determines whether an ex-vessel heat transfer path 
capable of recovering the core is available. The H2OPIT event has two possible outcomes: 

0 Water is present in the reactor pit [H2OPIT] 

M No water is present in the reactor pit [H2OnPit].  

EX-HX. This event is sequence-dependent and defines whether a heat transfer path capable 
of recovering the core is available from the coolant in the flooded reactor pit, through the 
vessel, to the core. This event has two possible outcomes: 

0 Ex-vessel heat transfer is available and the in-vessel debris is cooled [Ex-Hx] 

0 Ex-vessel heat transfer is not available or does not cool the in-vessel debris [nEx-Hx] 

E-CHR. This event is sequence-dependent and defines whether containment heat removal is 
aligned early. This event is relevant to sequences in which heat transfer is available between 
the debris and the water in the reactor pit. If containment heat removal is unavailable, then 
water in the reactor pit would boil off, and eventually the core melt progression would 
resume. This event has two possible outcomes: 

0 Containment heat removal is aligned early [E-CHR] 

0 Containment heat removal is not aligned early [nE-CHR]
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VF. This event is sequence-dependent and defines whether vessel failure occurs. An alpha 
event, lack of coolant, failure of recirculation, or failure of the RHR heat exchangers will all 
result in vessel failure. Reflooding the RCS after 20 percent core melt and core slump greatly 
increases the likelihood of vessel failure. This event has two possible outcomes: 

M The debris is cooled in-vessel and the vessel remains intact [nVF] 

M Vessel failure occurs [VF].  

VF-Type. This event represents the sequence outcome. It defines whether the vessel fails 
and the type of vessel failure. An alpha mode failure assures gross lower head failure. Other 
likely modes of vessel failure are penetration failures. This event has three possible 
outcomes: 

* The debris is cooled in-vessel and the vessel remains intact [nVF] 

0 The vessel fails at the lower head penetrations [Pen-VF] 

0 Gross lower head vessel failure occurs [Gross-VF].  

Early Containment Failure [CFE] Subtree 

The top events in the CFE subtree are: 

IEvnt. This event defines the initiating event that resulted in core damage. It is identical to 
event IEVNT of the main CET.  

ALPHA. This event is sequence-dependent and defines whether an alpha mode event, and 
thus early containment failure, occurs. The event and its outcomes are described with the top 
events of the VF subtree.  

RCS@VF. This event is sequence-dependent and defines whether RCS pressure is high, 
medium or low at vessel failure. The event and its outcomes are described with the top 
events of the RCS@VF subtree.  

ROCKET. This event is sequence-dependent and defines whether high pressure vessel 
blowdown causes the vessel to act as a rocket and fail containment. This scenario is possible 
only if gross vessel failure occurs at high RCS pressure. This event has two possible 
outcomes:
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* . The vessel does not act as a rocket [nROCKET] 

0 The vessel acts as a rocket, failing containment [ROCKET].  

H2-CFE. This event is sequence-dependent and defines whether early containment failure 
occurs as a result of hydrogen combustion events. Hydrogen combustion phenomena are 
addressed in the H2-CFE sub-subtree. This event has two possible outcomes: 

M Early containment failure is not caused by hydrogen combustion events [nH2-CFE] 

0 Early containment failure occurs because of hydrogen combustion events [H2-CFE].  

XFCI-CFE. This event is sequence-dependent and defines whether containment failure 

occurs at vessel failure as a result of an ex-vessel FCI. Phenomena related to FCIs are 
addressed in the FCI sub-subtree. Event XFCI-CFE has two possible outcomes: 

M Either an ex-vessel FCI does not occur, or an ex-vessel FCI occurs but does not cause 
containment failure [FCInCFE] 

* M An ex-vessel FCI causes early containment failure [FCI-CFE].  

VF-CFE. This event is sequence-dependent and defines whether early containment failure 
occurs because of containment pressure rise at vessel failure. This event is directly dependent 
on the containment pressure prior to vessel failure and the pressure rise at vessel failure. This 
event has two possible outcomes: 

0 The containment does not fail early as a result of the pressure rise at vessel failure 
[VFnCFE] 

M The containment fails early as a result of the pressure rise at vessel failure [VF-CFE].  

E-SGTR. This event is sequence-dependent and defines whether early containment bypass 
occurs because of steam generator tube rupture(s) induced by a high RCS temperature and 
pressure. This event has two possible outcomes: 

M High temperature induced steam generator tube rupture occurs [E-SGTR] 

* No induced steam generator tube rupture occurs [nE-SGTR].
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CI. This event defines whether the containment is isolated subsequent to the initiating event.  
This event has three outcomes: 

M The containment is isolated subsequent to the initiating event [CI] 

M The containment is not isolated subsequent to the initiating event. A leak-size failure 
of the containment results [nCILk] 

M The containment is not isolated subsequent to the initiating event. A rupture-size 
failure of the containment results [nCIRp].  

This event depends on the initiating event.  

CFE. This event is sequence-dependent and defines whether the containment fails early.  
This event sunmnarizes the effects of the ALPHA, ROCKET, H2-CFE, XFCI-CFE, VF-CFE, 
and CI events. The CFE event has two possible outcomes: 

M The containment does not fail early [nCFE] 

M The containment fails early [CFE].  

CFE-SZ. This event represents the sequence outcome. It defines whether a containment 
failure is a rupture. This event has three possible outcomes: 

0 The containment does not fail early [nCFE] 

M The early containment failure is a leak [CFE-Lk] 

0 The early containment failure is a rupture [CFE-Rp].  

Late Water to Debris IL-H201 Subtree 

The top events in the L-H20 subtree are: 

I_Evnt. This event represents the initiating event that results in core damage.  

RWST. This event is sequence dependent and defines the location of the RWST inventory 
prior to vessel failure. The location is important as it affects the ability to cool in-vessel 
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debris, ex-vessel cooling and heat transfer paths, and the potential for fission product 
scrubbing. This event has three outcomes: 

0 The RWST inventory was relocated to the containment sumps or reactor pit by 
injection or containment sprays [VC].  

0 The RWST inventory remains available in the storage tank for late recovery of sprays 
or injection [Tank] 

0 The RWST inventory was injected into the RCS, but was lost through a containment 
bypass path [ExCtmt].  

H2OPIT. This event is sequence dependent. It defines whether water is located in the 
reactor pit prior to vessel failure. The event and its outcomes are described in the VF subtree.  

E-RECIRC. This event is sequence-dependent and defines whether recirculation is 
established to the vessel early. Early recirculation provides a source of coolant to the vessel 
and increases the likelihood of having a late water supply. This event has two possible 
outcomes: 

M Recirculation is established early [E-Recrc] 

M -.Recirculation is not established early [nE-Recrc].  

BYPASS. This event depends on the initiator and defines whether containment bypass occurs 
as a result of the initiator. The event has two possible outcomes: 

0 Containment bypass did not occur [nBypass] 

0 Containment bypass occurred because of a V-sequence or steam generator tube rupture 
event [Bypass].  

L-AC. This event is sequence-dependent and defines whether ac power is available to 
provide late water to the debris by high- or low-head flow if water inventory remains in the 
refueling water storage tank. This event has two possible outcomes: 

0 The scenario is not a blackout (ac always available), or the scenario was a blackout but 
ac power is recovered [L-AC]
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M The scenario is a blackout and ac power is never recovered [nL-AC].  

L-INJ. This event is sequence dependent. It defines whether late injection will initiate given 
that ac power is available and that the injection systems were not challenged early. The event 
has two possible outcomes: 

* Late injection to the debris occurs [L-INJ] 

0 No late injection to the debris [nL-INJ].  

L-H20. This event represents the sequence outcome. It defines whether water is supplied to 
the debris ex-vessel. If the RWST inventory lies outside containment or ac power was not 
recovered in a station blackout scenario, there is no means of providing water to the debris at 
a late stage. It was assumed that if water is located in containment early (outcome VC in 
event RWST), water will cover the debris once it relocates to the reactor pit. In addition, if 
injection was not provided early because of high RCS pressure or a failure to recover ac 
power during a station blackout, these conditions must be eliminated if water is to be supplied 
to the debris late. This event has two possible outcomes: 

a Water is provided to the debris late [L-H20] 

M No water is provided to-the debris late [nL-H20].  

Recirculation Subtree IL-RECIRCI 

The top events in the L-RECIRC subtree are described below.  

IEvnt. This event represents the initiating event that resulted in core damage. This event is 
identical to top event IEVNT of the main CET.  

RWST. This event is sequence dependent and defines the location of the RWST inventory 
prior to vessel failure. The location is important as it affects the ability to cool in-vessel 
debris, ex-vessel cooling and heat transfer paths, and the potential for fission product 
scrubbing. This event and its outcome are described with the top events of the L-H20 
subtree.  

E-AC. This event is sequence-dependent and defines whether ac power is available prior to 
vessel failure. The event and its outcomes are described with the top events of the RCS@VF 
subtree.
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LH-RCRC. This event is sequence-dependent and defines whether low-head pumps from the 
recirculation and RHR systems are available for low- or high-head recirculation cooling prior 
to vessel failure. This event has two possible outcomes: 

M Low-head pumps are available for recirculation cooling [aLH-RCRC] 

* Low-head pumps are unavailable for recirculation cooling [fLH-RCRC].  

HH-RCRC. This event is sequence-dependent and defines whether high-head safety injection 
pumps are available for high-head cooling prior to vessel failure. This event has two possible 
outcomes: 

0 High-head pumps are available for recirculation cooling [aHH-RCRC] 

Ii High-head pumps are unavailable for recirculation cooling [fl-IH-RCRC].  

RCS@VF. This event is sequence-dependent and defines RCS pressure at vessel failure.  
The event and its outcomes are described with the top events of the RCS@VF subtree.  

Timing. This event is sequence-dependent and defines the time that elapses between the 
initiating event and core damage. The event and its outcomes are described with the top 
events of the RCS@VF subtree.  

E-RECIRC. This. event is sequence-dependent and indicates whether recirculation was 
established to the vessel early. Because severe accident phenomena may cause recirculation to 
fail even when established, success in this event does not guarantee late recirculation. The 
event and its outcomes are described with the top events of the L-H20 subtree.  

BYPASS. This event depends on the initiator and defines whether containment bypass occurs 
as a result of the initiator. The event and its outcomes are described with the top events of 
the L-H20 subtree.  

L_AC. This event is sequence-dependent and defines whether ac power is available to 
provide late water to the debris using high- or low-head flow if water inventory remains in 
the RWST. The event and its outcomes are described with the top events of the L-H20 
subtree.  

L-I20. This event is sequence-dependent and defines whether water is supplied to the debris 
ex-vessel. Success in this event is necessary if recirculation is to be established late. This 
event and its outcomes are described with the top events of the L-H20 subtree.
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fEQUIP. This event is sequence-dependent and defines whether late recirculation cooling 
fails because of severe accident phenomena (i.e., H2 burns, Alpha, CFE_RP). The absence of 
severe accident phenomena is necessary for late recirculation operation. This event has two 
possible outcomes: 

0 Recirculation pumps or system piping fail because of severe accident phenomena 
[RCRC-FI] 

M Recirculation pumps or system piping do not fail because of severe accident 
phenomena [RCRCnFI].  

L-RECIRC. This event represents the sequence outcome. It defines whether recirculation to 
the vessel is established following vessel failure. This event has two possible outcomes: 

M Recirculation is established to the vessel [L-RECIRC] 

M Recirculation is not established to the vessel [nL-RECRIC].  

Coolable Debris Forms Ex-Vessel Subtree IDCOOL] 

Below is a description of each top event in the DCOOL Subtree.  

IEvnt. This event represents the initiating event that resulted in core damage. This event is 
identical to top event IEVNT of the main CET.  

VF. This event is sequence-dependent. It defines whether the reactor vessel fails and core 
debris relocates to the containment. If vessel failure does not occur, the debris is cooled in
vessel and all further events are irrelevant. The event and its outcomes are described in the 
VF subtree.  

H2OPIT. This event is sequence dependent. It defines whether water is located in the 
reactor pit prior to vessel failure. The event and its outcomes are described in the VF subtree.  

DISP. This event is sequence-dependent and defines whether debris is dispersed in 
containment when it is ejected from the vessel. Dispersion may be caused by an alpha, 
rocket, or ex-vessel FCI event; it accompanies high pressure melt ejection (HPME). Debris 
dispersion increases the surface area available for heat transfer, and thus may facilitate debris 
cooling. This event has two possible outcomes:
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0 The debris is dispersed following vessel failure [DISP]

.'i The debris is not dispersed following vessel failure [nDISP].  

L-H20. This event is sequence-dependent and defines whether water is supplied to the debris 
ex-vessel. Success in this event substantially increases the probability that debris is cooled.  
The event and its outcomes are described with the top events of the L-H20 subtree.  

QUENCH. This event is sequence-dependent and defines whether the debris is quenched 
immediately after vessel failure. Failure to quench the debris ensures core-concrete 
interactions. This event has two possible outcomes: 

0 Debris is quenched after vessel failure [QUENCH] 

0 Debris is not quenched after vessel failure [nQUENCH].  

L-CHR. This event is sequence-dependent. It defines whether containment heat removal 
(CHR) is established following vessel failure. The event has two possible outcomes: 

M CHR is established following vessel failure [L-CHR] 

M CHR is not established following vessel failure [nL-CHR].  

DOOR. This event is sequence-dependent and defines whether the entrance door into the 
reactor pit located at the containment floor (46-ft elevation) fails open because of water 
pressure. An open door allows water to overflow from the containment sumps into the 
reactor pit providing water for debris cooling after vessel failure. This event has two possible 
outcomes: 

M Reactor pit door is open because of water pressure [Door-Op] 

0 Reactor pit door remains closed [Door-Cl].  

DCOOL. This event defines the sequence outcome. It defines whether the core debris is 
cooled, in-vessel or ex-vessel. Debris cooling was assumed to prevent significant core
concrete interactions. The event has two possible outcomes: 

M The debris is cooled [DCOOL]
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0 The debris is not cooled and CCI occurs [CCI].

Late Containment Sprays Subtree [L-SPRY] 

The top events in the L-SPRY Subtree are: 

I Evnt. This event represents the initiating event that results in core damage. This event is 
identical to top event IEVNT of the main CET.  

L-AC. This event is sequence-dependent and defines whether ac power is available to 
provide late water to the debris by high- or low-head flow if water inventory remains in the 
RWST. The event and its outcomes are described with the top events of the L-H20 subtree.  

L-CP. This event is sequence-dependent and defines the containment base pressure after 
vessel failre. Containment pressure exceeding 22 psig results in a need for late containment 
spray operation. This event has two possible outcomes: 

0 Containment base pressure is greater than 22 psig [LCP>22] 

M Containment base pressure is less than 22 psig [LCP<22].  

L-RECIRC. This event defines whether recirculation to the vessel is established following 
vessel failure. The event and its outcome are described with the top events of the L-RECIRC 
subtree.  

PCD-CP. This event is sequence-dependent and defines the containment base pressure prior 
to core damage. Containment pressure exceeding 22 psig results in a need for late 
containment spray operation. This event has two possible outcomes: 

M Containment base pressure is greater than 22 psig [LCP>22] 

0 Containment base pressure is less than 22 psig [LCP<22].  

VESPRAY. This event is sequence-dependent and defines whether containment spray 
operates in the injection mode (from the RWST) before core damage. The event and its 
outcome are described in the E-SPRY subtree.  

E-CP. This event is sequence-dependent and defines the containment base pressure at vessel 
failure. Containment pressure exceeding 22 psig results in a need for containment spray
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operation. This event and its outcome are described with the top events of the 

E-SPRY subtree.  

E-SPRAY. This event is sequence-dependent and defines whether containment sprays operate 
early. If they do, it was considered likely that the transfer from injection to recirculation 
modes of operation would be made late. This event and its outcome are described with the 
top events of the E-SPRY subtree.  

CFE-RUP. This event defines whether early containment failure is a rupture. This event 
has two possible outcomes: 

N The early containment failure is a rupture [CFE-Rp] 

M The early containment failure is not a rupture [nCFE-RP].  

L-SPRAY. This event represents the sequence outcome and defines whether containment 
sprays operate late in recirculation mode. This event has two possible outcomes: 

0 The containment sprays operate late [L-Spry] 

M The containment sprays do not operate late [nL-Spry].  

Late Containment Failure Subtree [CFL1 

The top events in the CFL subtree are described below.  

I Evnt. This event represents the initiating event that resulted in core damage. This event is 
identical to top event IEVNT of the main CET.  

CFE. This event is sequence-dependent and indicates whether early containment leaks or 
ruptures occur. An early rupture obviates late containment failure; an early leak obviates late 
,leak failures. The event and its outcomes are described in the CFE subtree.  

LCG-CFL. This event is sequence-dependent. It defines whether containment failure occurs 
late as a result of hydrogen combustion events. Hydrogen combustion phenomena are 
addressed in the LCG-CFL sub-subtree. This event has two possible outcomes: 

* Hydrogen combustion events do not cause late containment failure [nL-CGCFL]
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Hydrogen combustion events cause late containment failure [L-CGCFL].  

BMMT. This event is sequence-dependent. It defines whether debris completely melts 
through the containment basemat, thereby failing containment. It was assumed that if debris 
is cooled, basemat melt-through cannot occur. This event has two possible outcomes: 

M The debris is cooled and containment basemat melt-through does not occur [nBMMT] 

0 The debris melts through the containment basemat [BMMT].  

DCOOL. This event is sequence-dependent. It defines whether core debris is cooled ex
vessel. Debris cooling was assumed to prevent significant core-concrete interactions, and 
therefore to prevent significant long-term noncondensible gas generation. The event and its 
outcomes are described in the DCOOL subtree.  

L-CHR. This event is sequence-dependent. It defines whether containment heat removal is 

established after vessel failure. The effects of steam generated in debris cooling may be 
mitigated by effective containment heat removal. The event and its outcomes are described 
with the top events of the DCOOL subtree.  

CFL. This event is sequence-dependent and defines whether the containment fails late. This 

event summarizes the effects of events LCG-CFL, BMMT, L-H20, DCOOL and L-CHR. It 
includes late containment challenges from hydrogen burn events, basemat melt-through, and 
quasi-static overpressurization from noncondensible gas and steam generation. The CFL event 
has two possible outcomes: 

* The containment does not fail late [nCFL]. This outcome includes sequences in which 
the containment ruptures early and sequences in which the containment leaked early 
but did not rupture late.  

0 The containment fails late [CFL]. This outcome includes sequences in which the 
containment leaked early, but ruptured late.  

CFL-SZ. This event defines the sequence outcome. It defines whether a late containment 
failure is a rupture. This event has three possible outcomes: 

0 The containment does not fail late [nCFL] 

0 A late containment leak failure occurs [CFL-Lk]
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0 A late containment rupture failure occurs [CFL-Rp].  

Source Term Evaluation Subtree IRCi 

The top events in the RC subtree are: 

I_Evnt. This event represents the initiating event that results in core damage. This event is 
identical to top event IEVNT of the main CET.  

NG. This event represents a sequence-dependent evaluation of the noble gas release fraction 
to the environment.  

Cs. This event represents a sequence-dependent evaluation of the representative cesium group 
release fraction to the environment.  

I. This event represents a sequence-dependent evaluation of the representative iodine group 
release fraction to the environment.  

Te. This event represents a sequence-dependent evaluation of the representative tellurium 
group release fraction to the environment.  

Sr. This event represents a sequence-dependent evaluation of the representative strontium 
group release fraction to the environment.  

RC. This event represents a grouping of sequences of similar timing and release magnitudes 
into discrete release categories (defined in Section 4.7).  

4.6.2.3 The CET Sub-Subtrees 

This section describes the sub-subtrees which support the subtrees described in Section 
4.6.2.2.  

Fuel-Coolant Interaction Sub-Subtree IFCI] 

The top events in the FCI Sub-Subtree are:
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I_Evnt. This event represents the initiating event that results in core damage. This event is 

identical to top event IEVNT of the main CET.  

PCD-VF. This event defines whether a gross vessel lower head failure occurs prior to core 

damage. The event and its outcomes are described with the top events of the VF subtree.  

SLUMP. This event is sequence-dependent and defines whether the core is molten and 

collapses en-masse. Core slump is a necessary condition for in-vessel FCIs. This event has 
two possible outcome: 

0 The core becomes molten and collapses en-masse [SLUMP] 

0 The core does not collapse en-masse [nSLUMP].  

RCS@VF. This event is sequence-dependent and defines whether RCS pressure is high, 
medium or low at vessel failure. The event and its outcomes are described with the top 
events of the RCS@VF subtree.  

IV-FCI. This event is sequence-dependent and defines whether in-vessel FCIs occur. The 
event has two possible outcomes: 

0 In-vessel FCIs occur [IV-FCI] 

0 No in-vessel FCIs occur [nIV-FCI].  

ALPHA. This event is sequence-dependent and defines whether an alpha mode failure 
occurs. While early containment failure is guaranteed by an alpha mode failure, an alpha 
mode failure is possible only if in-vessel FCIs occur. The event and its outcomes are 
described with the top events of the VF subtree.  

VF. This event is sequence-dependent and defines whether the reactor vessel fails and core 
debris relocates to the containment. If vessel failure does not occur, the debris was cooled in
vessel and all further events in this sub-subtree dependent on ex-vessel FCIs are irrelevant.  
The event and its outcomes are described in the VF subtree.  

H2OPIT. This event is sequence-dependent. It defines whether water is located in the 

reactor pit prior to vessel failure and thus determines whether FCIs occur upon vessel failure.  
The event and its outcomes are described in the VF subtree.
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* HPME. This event is sequence-dependent and defines whether high pressure melt ejection 
occurs upon vessel failure. If the core is molten and the vessel fails at high or medium RCS 

,pressure, high pressure melt ejection may occur, dispersing the debris throughout containment.  
It was assumed that ex-vessel FCIs could not occur if debris was dispersed. This event has 
two possible outcomes: 

M High pressure melt ejection occurs [HPME] 

M High pressure melt ejection does not occur [nHPME].  

ROCKET. This event is sequence-dependent. It defines whether high pressure vessel 
blowdown causes the vessel to act as a rocket and fail containment. This scenario is possible 
only if gross vessel failure occurs at high RCS pressure, thereby dispersing debris throughout 
containment. It was assumed that an ex-vessel FCI could not occur if the debris were 
dispersed. The event and its outcomes are described with the top events of the CFE subtree.  

Ex-FCI. This event is sequence-dependent and defines whether ex-vessel FCIs occur. This 
event has two possible outcomes: 

0 Ex-vessel FCIs occur [Ex-FCI] 

0 Ex-vessel FCI do not occur [nEx-FCI].  

FCI-CFE. This event represents the sequence outcome. It defines whether FCIs fail the 
containment. If ex-vessel FCIs occur (Ex-FCI), early containment failure may result. This 
event has two possible outcomes: 

0 FCIs fail containment early [FCI-CFE] 

m Containment failure does not occur as a result of FCIs [FCInCFE].  

Early Containment Failure because of Hydrogen Burns [H2-CFE1.  

The top events in the H2-CFE sub-subtree are: 

I_Evnt. This event represents the initiating event that results in core damage. This event is 
identical to top event IEVNT of the main CET.
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E-H2. This event is sequence-dependent and characterizes hydrogen production prior to 
vessel failure. The amount of hydrogen present in the containment atmosphere, along with 
the presence of ignition sources, will determine the probability and type of hydrogen burn.  
This event has three outcomes: 

M Hydrogen production is high (>2200 Ibm) [E-H2Hi] 

Hydrogen production is medium (600 - 2000 Ibm) [E-H2Md] 

M Hydrogen production is low (<600 Ibm) [E-H2Lo].  

E-AC. This event is sequence-dependent and defines whether ac power is available prior to 
vessel failure. The event and its outcomes are described with the top events of the RCS@VF 
subtree.  

E-SPRAY. This event is sequence-dependent and defines whether containment sprays operate 
early. If sprays operate early, a lower containment pressure will exist prior to vessel failure, 
thus, the potential for an early containment failure from hydrogen combustion events 
decreases. This event outcome is described with the top events of the E-SPRY subtree.  

E-Burn. This event is sequence-dependent and defines whether an early hydrogen burn 
occurs in the containment prior to vessel failure. This event has three outcomes: 

M An early deflagration hydrogen burn occurs in containment [E-Def] 

0 An early diffusion hydrogen bum occurs in containment [E-Diff] 

0 No early hydrogen bum occurs in containment [nE-Burn].  

E-CP. This event is sequence-dependent and defines the containment base pressure at vessel 
failure. Containment pressure exceeding 22 psig results in a need for containment spray 
operation. This event and its outcome are described with the top events of the 

E-SPRY subtree.  

I12-CFE. This event represents the sequence outcome. It defines whether early containment 
failure occurs as a result of hydrogen combustion events. This event has two possible 
outcomes: 

M Early containment failure is not caused by hydrogen combustion events [nH2-CFE]
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* Early containment failure occurs because of hydrogen combustion events [H2-CFE].  

Early Containment Failure because of Pressure Rise (a Vessel Failure Sub-Subtree [VF
CFE 

The top events in the VF-CFE sub-subtree are: 

IEvnt. This event represents the initiating event that results in core damage. This event is 
identical to top event IEVNT of the main CET.  

VF. This event is sequence-dependent and defines whether the reactor vessel fails and the 
core debris relocates to the containment. The event and its outcomes are described in the VF 
subtree.  

ALPHA. This event is sequence-dependent and defines whether an alpha mode failure 
occurs. All events related to FCIs are addressed in the FCI sub-subtree. An alpha mode 
failure guarantees containment failure, obviating events related to containment failure 
occasioned by events at vessel failure. The event and its outcomes are described with the top 
events of the VF subtree.  

ROCKET. This event is sequence-dependent and defines whether high pressure vessel 
blowdown causes the vessel to act as a rocket and fail containment. Since a ROCKET event 
guarantees containment failure, events related to containment failure occasioned by events at 
vessel failure are irrelevant. The event and its outcomes are described with the top events of 
the CFE subtree.  

H2-CFE. This event is sequence-dependent and defines whether early containment failure 
occurs as a result of hydrogen combustion events. The event and its outcomes are described 
with the top events of the H2-CFE sub-subtree.  

VF-BURN. This is sequence-dependent and defines whether a hydrogen bum occurs in the 
containment at vessel failure. This event has four outcomes: 

M A detonation hydrogen burn occurs in containment at vessel failure [VF-Det] 

M A deflagration hydrogen bum occurs in containment at vessel failure [VFH2Def] 

M A diffusion hydrogen burn occurs in containment at vessel failure [VFH2Dif]

4-83



0 No hydrogen bum occurs in containment at vessel failure [nVFH2BRN].  

E-H2. This event is sequence-dependent and characterizes hydrogen production prior to 
vessel failure. The event and its outcomes are described with the top events of the H2-CFE 
sub-subtree.  

DCH. This event is sequence-dependent and defines whether DCH occurs at vessel failure.  
DCH may result in a significant pressure rise and threaten containment integrity--studies 
involving containments similar to IP3 show that DCH would cause a "High" pressure rise 
(>100 psi) [60,79]. In addition, chemical reactions involving unoxidized metals in the finely 
dispersed particles may ensue. The subsequent release of oxidation energy and hydrogen 
generation will further challenge containment integrity. This event has two possible 
outcomes: 

0 Direct containment heating occurs at vessel failure [DCH] 

0 Direct containment heating does not occur [nDCH].  

H2OPIT. This event is sequence-dependent. It defines whether water is located in the reactor 
pit prior to vessel failure and thus whether FCIs occur upon vessel failure. The event and its 
outcomes are described in the VF subtree.  

RCS@VF. This event is sequence-dependent and defines whether RCS pressure is high, 
medium or low at vessel failure. The event and its outcomes are described with the top 
events of the RCS@VF subtree.  

E-CP. This event is sequence-dependent and defines the containment base pressure at vessel 
failure. This event and its outcome are described with the top events of the E-SPRAY 
subtree.  

VF-CFE. This event represents the sequence outcome. It defines whether the containment 
pressure rise at vessel failure will fail containment. Pressure rises caused by high pressure 
blowdown, DCH, and hydrogen combustion are considered. The probability of failure 
depends on the containment base pressure--this may be high (> 22 psig) for large or medium 
LOCAs. This event has two possible outcomes: 

M The containment does not fail because of the pressure rise at vessel failure [VFnCFE] 

0 Containment failure occurs because of the pressure rise at vessel failure [VF-CFE].
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Late Containment Failure because of Hydrogen Burns ILCG-CFL].

The top events in the LCG-CFL sub-subtree are: 

I_Evnt. This event represents the initiating event that results in core damage. This event is 
identical to top event IEVNT of the main CET.  

CFE-RUP. This event is sequence-dependent and defines whether early containment failure 
is a rupture. This event has two possible outcomes: 

0 The early containment failure is a rupture [CFE-Rp] 

0 The early containment failure is not a rupture [nCFE-RP].  

E-Burn. This event is sequence-dependent and defines whether an early hydrogen bum 
occurs in the containment prior to vessel failure. The event and its outcomes are described 
with the top events of the H2-CFE sub-subtree.  

VF-BURN. This event represents the sequence outcome. It defines whether a hydrogen burn 
occurs in the containment at vessel failure. The event and its outcomes are described with the 
top events of the VF-CFE sub-subtree.  

L-Steam. This event is sequence-dependent and defines whether a high steam concentration 
exists in containment, precluding a late deflagration hydrogen bum. This event has two 
possible outcomes: 

M Late steam concentration in containment is high [LSteam] 

M No late steam concentration in containment [nLSteam].  

CCI. This event is sequence-dependent and defines whether core debris is cooled, ex-vessel.  
If debris is not cooled, core-concrete interactions occur resulting in late hydrogen production.  
If the debris is cooled, core-concrete interactions are precluded and negligible hydrogen is 
produced. The event has two possible outcomes: 

M The debris is cooled [nCCI] 

E The debris is not cooled and CCI occurs [CCI].
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E-H2. This event is sequence-dependent and characterizes hydrogen production prior to 
vessel failure. The event and its outcomes are described with the top events of the H2-CFE 
sub-subtree.  

E-AC. This event is sequence-dependent and defines whether ac power is available prior to 
vessel failure. Early ac power will likely provide an ignition source very early and thus 
reduces the probability of late hydrogen combustion. This event has two possible outcomes: 

0 Power was available or ac power was recovered prior to vessel failure [E-AC] 

M The initiator was a station blackout and ac power was not recovered prior to vessel 
failure [nE-AC].  

L-AC. This event is sequence-dependent and defines whether ac power is available following 
vessel failure. The availability of power will provide a potential ignition source. This event 
has two possible outcomes: 

0 Power was available or ac power was recovered after vessel failure [L-AC] 

0 The scenario is a blackout and ac power is never recovered [nL-AC].  

L-Burn. This- event is sequence-dependent and defines whether a late hydrogen burn occurs 
in containment. This event has three outcomes: 

0 Late detonation hydrogen bum occurs [L-Det] 

0 Late deflagration hydrogen bum occurs [L-Def] 

0 No late hydrogen bum or late diffusion hydrogen burn occurs [nL-Diffl.  

LCG-CFL. This event represents the sequence outcome. It defines whether containment 
failure occurs late as a result of hydrogen combustion events. This event has two possible 
outcomes: 

* Hydrogen combustion events do not cause late containment failure [nL-CGCFL] 

0 Hydrogen combustion events cause late containment failure [L-CGCFL].  

Debris Dispersal Sub-Subtree IDISPi
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The top events in the DISP sub-subtree are:

I_Evnt. This event represents the initiating event that results in core damage. This event is 
.identical to top event IEVNT of the main CET.  

VF. This event is sequence-dependent and defines whether the reactor vessel fails and the 
core debris relocates to the containment. If vessel failure does not occur, debris is cooled in
vessel and no other energetic events occur that may disperse the debris. The event and its 
-outcomes are described in the VF subtree.  

ALPHA. This event is sequence-dependent and defines whether an alpha mode failure 
occurs. An alpha failure guarantees vessel failure. Furthermore, it was assumed that debris 
would be dispersed in such a dynamic failure. The event and its outcomes are described with 
the top events of the VF subtree.  

ROCKET. This event is sequence-dependent and defines whether high pressure vessel 
blowdown causes the vessel to act as a rocket and fail containment. Since a ROCKET event 
guarantees containment failure, all subsequent events are irrelevant. The event and its 
outcomes are described with the top events of the CFE subtree.  

HPME. This event is sequence-dependent and defines whether high pressure melt ejection 
occurs' upon vessel failure. If the core is molten and the vessel fails at high or medium RCS 
pressie, high pressure melt ejection may occur, dispersing the debris throughout containment.  
This event and its outcomes are described with the top events of the FCI subtree.  

Ex-FCI. This event is sequence-dependent and defines whether ex-vessel FCIs occur. It was 
assumed that energetic FCIs would disperse debris throughout containment. The event, its 

outcomes, and phenomena related to FCIs are described with the top events of the FCI 
subtree.  

DISP. This event represents the sequence outcome. It defines whether debris is dispersed 
upon vessel failure. Given vessel failure (VF), any of the energetic events described above 
(i.e., ALPHA, ROCKET, HPME, and Ex-FCI) guarantee debris dispersion. This event has 
two possible outcomes: 

0 The debris is dispersed at vessel failure [DISP] 

0 The debris is not dispersed at vessel failure but relocates to the reactor pit [nDISP].

4-87



Refueling Water Storage Tank Inventory (RWST) Sub-Subtree

The top events in the subtree are: 

I_Evnt. This event represents the initiating event that results in core damage. This event is 
identical to event IEVNT of the main CET.  

E_AC. This event is sequence-dependent and defines whether ac power is available prior to 
vessel failure. The event and its outcomes are described with the top events of the RCS@VF 
subtree.  

LHF. This event defines the status of low-head flow to the RCS at the time of core damage.  
The event has five possible outcomes: 

0 Low-head flow is available. Low-head flow is available for injection and recirculation 
mode, but was not operating at the time of core damage because ac power was 

unavailable [aHHF] 

* Low-head flow is operable. Low-head flow operation occurs in the injection or 
recirculation mode once all conditions precluding operation are removed (i.e., RCS 
pressure is reduced) [opLHF] 

* Low-head flow is operable in injection mode only 
(recirculation operation is unavailable) [LHINJ] 

* Low-head flow is operable in recirculation mode only, (injection operation is 
unavailable) [LHRecrc] 

E Low-head flow is failed and not recoverable [fLHF].  

This event depends on the initiating event.  

HHF. This event defines the status of high-head flow to the RCS at the time of core damage.  
There are three possible outcomes: 

0 High-head flow is available. High-head flow is available in both injection and 
recirculation modes, but was not operating at the time of core damage because ac
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power was unavailable [aHHF] 

0 High-head flow is operable. High-head operation occurs in the injection or 
recirculation mode once all conditions precluding operation are removed (i.e., high 
RCS pressure is reduced) [opHHF] 

0 High-head flow is failed and not recoverable [fHHF].  

This event depends on the initiating event.  

RCS@VF. This event is sequence-dependent and defines RCS pressure prior to vessel 
failure. This event is evaluated by the DP subtree. This event has three possible outcomes: 

N RCS pressure is low (pressure < 675 psia) at vessel failure [Low] 

E RCS pressure is medium (675 psia < pressure < 2350 psia) at vessel failure [Medium] 

0 RCS pressure is high (2350 psia < pressure) at vessel failure [High].  

Timing. This event is PDS-dependent and defines the time that elapses between the initiating 
event and core damage. The event and its outcomes are described with the top events of the 
RCS@YF subtree.  

E_INJ. This event is sequence-dependent and defines whether injection is recovered prior to 
vessel failure. Success of this event requires ac power and, in addition, the RCS at medium 
or low pressure and high-head flow operable, or the RCS at low pressure and low-head 
injection flow operable.  

This event has three possible outcomes: 

0 Injection is recovered prior to core damage [EINJ<CD] 

0 Injection is recovered following core damage and prior to vessel failure [EINJ>CD] 

E Injection is not recovered prior to vessel failure [nEINJ].  

BYPASS. This event depends on the initiator and defines whether containment bypass occurs
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as a result of the initiator. The event and its outcomes are described with the top events of 
the L-H20 subtree.  

OpRWST. This event is sequence dependent and defines whether the operator drains the 

RWST to the containment by operating the containment spray system or by gravity feed 
through the RHR containment sump suction line. It was assumed that the latter action will be 

attempted only if water remains in the RWST after core damage. It requires restoration of ac 

power and its probability depends on the time available to the operator to perform this action.  

Success in this event implies that RWST water is discharged into the containment (into the 

reactor pit and containment sumps). There are three possible outcomes: 

0 Operator drains RWST inventory by operating the containment spray system 
[opSPRAY] 

M Operator drains RWST inventory by gravity feed through the RHR containment sump 
suction line [opDRAIN] 

M Operator does not drain RWST inventory into the containment [opNO].  

VE-SPRAY. This event is sequence-dependent and defines whether containment spray 
operates in the injection mode (from the RWST) before core damage. Successful operation of 
very early sprays results in RWST water inventory located inside the containment. This event 
has two possible outcomes: 

0 Containment sprays operate prior to core damage [VE-SPRY] 

0 No containment sprays operation prior to core damage [nVE-SPRY] 

E-SPRAY. This event is sequence-dependent and defines whether containment sprays operate 
early. If sprays operate early, then it is considered likely that RWST inventory will be 
located inside containment. This event has two possible outcomes: 

M Sprays operate prior to vessel failure [E-Spry] 

M Sprays do not operate prior to vessel failure [nE-Spry] 

RWST. This event represents the outcome. It is sequence dependent and defines the location 
of the RWST inventory prior to vessel failure. The location is important as it affects the 
ability to cool in-vessel debris, ex-vessel cooling and heat transfer paths, and the potential for 
fission product scrubbing. This event has three outcomes:
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M The RWST inventory has been relocated to the containment sumps or reactor pit by 
injection or containment sprays [VC] 

M The RWST inventory remains available in the storage tank for late recovery of sprays 
or injection [Tank] 

0 The RWST inventory was injected into the RCS, but was lost through a containment 
bypass path [ExCtmt] 

'Late Containment Spray Demand [L-CP].  

The top events in the subtree are: 

IEvnt. This event represents the initiating event that results in core damage. This event is 
identical to event IEVNT of the main CET.  

CFE. This event is sequence-dependent and defines whether the containment fails early.  
The event and its outcomes are described with the top events of the CFE subtree.  

CI. This event defines whether the containment is isolated subsequent to the initiating event.  
The event and its outcomes are described with the top events of the CFE subtree.  

E-Burn. This event is sequence-dependent and defines whether an early hydrogen bum 
occurs in the containment prior to vessel failure. The event and its outcomes are described 
with the top events of the H2-CFE sub-subtree.  

VF-BURN. This event is sequence-dependent and defines whether a hydrogen bum occurs in 
the containment at vessel failure. The event and its outcomes are described with the top 
events of the VF-CFE sub-subtree.  

DCH. This event is sequence-dependent and defines whether direct containment heating 
(DCH) and a "high" pressure rise (>100 psi) occurs at vessel failure. The event and its 
outcome are described with the top events of the VF-CFE sub-subtree.  

CCI. This event is sequence-dependent and defines whether core debris is cooled, ex-vessel.  
The occurrence of CCI results in steam/noble gas overpressure of the containment and likely 
containment spray demand. The event outcomes are described with the top events of the 
LCG-CFL sub-subtree.
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L-CHR. This event is sequence-dependent. It defines whether containment heat removal is 
established after vessel failure. Late containment heat removal decreases the likelihood of 

reaching the containment spray setpoint. The event outcomes are described with the top 
events of the DCOOL subtree.  

L-CP. This event represents the sequence outcome. It defines the containment base pressure 

after vessel failure. Containment pressure exceeding 22 psig results in a need for late 

containment spray operation. This event has two possible outcomes: 

M Containment base pressure is greater than 22 psig [LCP>22] 

0 Containment base pressure is less than 22 psig [LCP<22]
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4.7 RADIONUCLIDE RELEASE CHARACTERIZATION

4.7.1 INTRODUCTION 

A major feature of an Individual Plant Examination (IPE) is the estimation of the source term 
'for every possible outcome of the containment event tree (CET). Because the large number 
of postulated accident scenarios considered precludes the performance of a mechanistic 
calculation (i.e., a MAAP calculation) for every end-state in the CET, a method is needed to 
characterize the radionuclide release for each end-state and consolidate the results into a 
tractable form. This is accomplished by grouping (or "binning"), accident sequences produced 
by the CET into a limited number of release categories. A release category represents all 
postulated accident scenarios that would produce a similar fission product source term.  

4.7.2 SOURCE TERM CHARACTERIZATION 

The general methodology used to estimate source terms is discussed in Section 4.7.2.1. The 
radionuclide species tracked by the method are presented in Section 4.7.2.2. The algorithm 
used to estimate source terms is presented in Section 4.7.2.3. The quantification of the 
parameters in the algorithm is discussed in Section 4.7.2.4 

4.7.2.1 Source Term Methodology 

The approach used to evaluate radionuclide releases and develop release categories is similar 
to that applied in the NUREG-1 150 analysis [91]--a source term was associated with each 
CET end-state that was found to have a significant frequency. The objectives were to 
characterize the timing of the first significant release of radionuclides and estimate the 
magnitude of the total release.  

Despite considerable research, source term uncertainties remain significant. It was therefore 
deemed inappropriate to perform elaborate source term calculations. Rather, the methodology 
employed for these source term calculations is consistent with the stated objectives of the IPE 
to identify severe accident vulnerabilities and develop an understanding of severe accident 
processes.  

Prior to the. completion of NUREG- 1150, release categories were defined by identifying a 
number of accident progressions that together produced source terms that spanned the possible 
range (i.e., from very small late releases to very large early releases). A computer code, such 
as M4AAP [96], was then used to predict the source term for each selected progression.
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The source term resulting from each calculation was defined as a release category. In some 
instances, a single calculation could be used to develop more than one release category if the 
differences between the accident progressions could be estimated based on hand calculations, 
for example, if accident progressions differed only in the timing of events. CET end-states 
for which source term evaluations were not made were than assigned to a release category 
using engineering judgment. In this manner, a few accident progressions were used to 
represent the range of possible CET outcomes.  

The process used for NUREG- 1150 and in this study, attempted to remove some of the 
subjectivity from the process of assigning accident progressions to release categories by 
developing a binning procedure to be applied uniformly to each accident progression. First, a 
source term estimate was made for every accident progression using a source term algorithm.  
Then each source term was assigned to a bin based on similarities in timing and radionuclide 
release fraction magnitude. By using this method, the relative magnitude of release in 
different accident progressions could be reasonably approximated and the potential for 
analytical bias in source term assignment was reduced.  

4.7.2.2 Radionuclide Species 

The fission products accumulated in the reactor core during operation include a large number 
of radioisotopes. Chemically distinct fission product species behave differently during the 
course of an accident. For example, noble gases (primarily krypton and xenon) evolve from 
the fuel during fuel degradation, whereas strontium (a less volatile fission product) stays 
within the fuel matrix until very high temperatures are achieved during molten core-concrete 
interactions.  

Because so many fission product isotopes exist and because many types of isotopes behave 
differently in the course of an accident, they are typically grouped. Full-scope PRAs, such as 
those performed as part of NUREG-1 150, typically treat nine radionuclide groups in their 
source term evaluations. In this study, only the five most risk-significant groups were 
considered. They are presented in Table 4.7.2.1.
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Table 4.7.2.1

Radionuclide Groups Evaluated in the IPE

Radionuclide Isotopes Represented by Group 
Group 

NG Xe, Kr, He, Ne, Xe, Rn, H, N 

12 I, Br F, Cl, At 

CS Cs, Li, K, Na, Rb, Fr, Cu 

TE Te, 0, S, Se, Po 

SR Sr, Ba, Be, Mg, Ca, Ra, Es, Fm 

Strontium was considered representative of the refractory elements released during core
concrete interactions (CCI).  

4.7.2.3,' Source Term Algorithm 

The magnitude of the source term release was estimated using a source term algorithm. This 
algorithm is a set of algebraic expressions that calculate release to the environment based on 
the release from fuel debris and removal mechanisms active in the severe accident 
progression.  

Several terms must be defined to understand the algorithm.  

R (Release to Environment). The release of fission products to the environment that is 
attributable to a distinct source or release period. These sources or release periods were: 

N In-vessel releases (Rrv) 

0 Releases due to CCI inside containment (Rccl) 

M In-vessel revolatilization releases (RREv).
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RF (Release Fraction). The fraction of the available material in a given fission product 
group that evolves from the core debris and becomes available for release to the environment.  
Deposition mechanisms act on this released material to limit its ultimate release to the 
environment. Release fractions were defined for each source: 

RFjv(I) In-vessel release fraction for each fission product(i).  

RFccI() Core-concrete interaction release fraction.  

RFREV() Revolatilization release fraction.  

RFSGTR Fraction of the In-vessel releases that enter the steam generator.  

DF (Decontamination Factor). The decontamination factor accounts for the reduction in 
airborne mass of fission products by the deposition mechanism. Mathematically, the DF is 
the ratio of mass entering a volume to the mass leaving. The inverse of the decontamination 
factor is the transmission factor. Decontamination factors were defined for each product 
group for RCS and vessel deposition, natural deposition in the containment and spray 
decontamination: 

DFvsL Reactor coolant system and vessel decontamination factor.  

DFEcoNT Containment natural deposition decontamination factor for in-vessel releases.  

DFEspy Containment spray decontamination factor for in-vessel releases.  

DFPOoL CCI overlying pool scrubbing decontamination factor.  

DFLCONT Containment natural deposition decontamination factor for ex-vessel and 
revolatilization releases.  

DFLsPY Containment spray decontamination factor for ex-vessel and revolatilization 
releases.  

DFsGTR  Decontamination factor for the steam generator.  

DFPAB Decontamination factor for the primary auxiliary building.
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Total release to the environment is therefore:

Renv(i) = RIV(i) + RCCi(i) + RREVi)

where the release terms are defined as follows:

In-vessel releases:

R (W) =RFIv (i) * RFsGTR + 
DFSGTR *DF PAB

RFv (i) * (i 
DFIv

DFIv = DFEcoNT * DFVSL * DFESPY * DF PAB

CCI releases:

Rcc I (i) = [I -RF 1 v (i) ] *
RFccI (i) 

DFccI

,:where

DFccI = DFLcoNT * DFLsPY * DFPOOL

In-vessel revolatilization release:

RREV (i) = RFIv (i) * (i - RFSGTR) *

where

DFREV = DFLCONT * DFLSPY * DFPAB
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4.7.2.4 Quantification of Parameters in Algorithm

The parameters in the source term algorithm are provided values based on the accident 
progression in the CET: a single question in the CET was used to quantify the parameter.  
The questions, case structure and values for each parameter are presented below.  

Question: What is the release fraction for the in-vessel release from fuel (RFv)? 

Assumption: Core debris is cooled in-vessel if the vessel does not fail (i.e., if less than 20 
percent of the core melts).  

Case 1: Vessel Failure. The NUREG-1 150 values are for the Zion plant [93] (Table 
1-1, Pg. 5.1-8, high zircaloy oxidation case). The values for each radionuclide class at the 50 
percent confidence level are: 

NG = 0.920 12 = 0.750 CS = 0.616 TE = 0.331 SR = 0.006 

Release fractions were also derived for all severe accident scenarios examined using MAAP-
full core melt occurred in all scenarios modeled. The scenarios are described in Appendix K.  
The MAAP values are developed in Appendix L. They are as follows: 

NG = 1.0 for all 

12 = 0.902, 0.847, 0.990, 0.953, 0.912, 0.847, 0.927 

CS = 0.902, 0.847, 0.990, 0.953, 0.912, 0.847, 0.927 

TE = 0.0 for all 

SR = 0.004, 0.004, 0.014, 0.008, 0.004, 0.004, 0.005 

The values calculated using MAAP are higher than the NUREG- 1150 values for noble gases, 
iodine and cesium but are lower for tellurium and strontium. The MAAP values for tellurium 
are zero because MAAP assumes that tellurium is completely bonded to zirc-oxide during the 
fuel melt-down. However, experiments in fission product release indicate that tellurium is 
released during fuel melt-down, therefore the MAAP tellurium release values were ignored.  
Strontium values agree well with NUREG-1150 values.  

Intermediate values were used to obtain the final values used in this study for all groups 
except tellurium: 

NG = 0.950 12 = 0.800 CS = 0.750 TE = 0.350 SR = 0.005
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Case 2: No Vessel Failure. The values used to quantify this parameter are 20 percent 

of the values used for the case of a full core melt (i.e., case 1): 

NG = 0.190 12 = 0.160 CS = 0.150 TE = 0.070 SR = 0.001 

Question: What is the decontamination factor of the vessel (DFvSL)? 

Assumption: Vessel DF depends on whether the vessel fails and the pressure at which failure 

occurs. Five cases were considered: 

Case 1: Prior to core damage vessel failure. Vessel failure prior to core damage is 

defined to be gross failure of the lower head. Since the failure is so massive, it was assumed 

no fission products were retained in the vessel--a vessel DF of 1.0 was assumed. While this 

assumption is conservative, no data exist to resolve the issue.  

Case 2: V sequence or SGTR that is a leak in the containment. In NUREG/CR
4550 [5], V-sequences were characterized as large breaks and SGTRs as small breaks.  

However, because V-sequences and SGTRs have some similar accident characteristics, it was 

assumed that V-sequences and SGTRs of the same break size have the same vessel 
decontamination factors.  

For SGTRs that are characterized as leaks, no substantial RCS depressurization occurs. The 

transmission factors for an SGTR used for Surry and Zion were 0.17 for iodine and cesium 

([6], pg. B.2-3). This produces a DF of approximately 5.9. Therefore, a value a DF value of 
5 was assumed.  

Case 3: V sequence or SGTR that is a large or mediumlbreak in the containment.  

It was assumed that large- or medium-break V-sequences and SGTRs behave similarly. The 

transmission factors for a large-break V-sequence used for Surry and Zion were 0.61 for 

iodine and 0.60 for cesium ([6], pg. B.2-3). The corresponding DF is approximately 1.7.  
Therefore, a DF value of 2 was assumed.  

Case 4: No vessel failure. Engineering judgement is used to estimate this DF. A 
high value (100) was assumed, since the vessel has not failed.  

Case 5: Vessel failure at high or medium vessel pressure. The NUREG- 1150 
values for transmission factors for the Zion plant at high or medium vessel pressure are [93] 

(Table 1-6, p 5.1-14): 

12 = 0.410 CS = 0.295 TE = 0.248 SR = 0.238
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The mean of these transmission factors is 0.298, and its inverse, the average DF value, is thus 
approximately 3.36 for aerosols.  

The MAAP calculations relevant to this case are for the five station blackout accident 
scenarios. The DF values derived for these scenarios in Appendix L are: 

12 = 10.762, 15.745, 7.717, 9.667, 14.771, 
CS = 12.951, 17.319, 12.486, 14.304, 17.511, 
SR = 11.206, 6.768, 10.881, 15.432, 8.774, 

The MAAP values are much higher than the average NUREG-1 150 value. However, because 
it is believed that the NUREG- 1150 values better represent the phenomena and are more 
conservative, a DF of 5 was assumed.  

Case 6: Vessel Failure at Low Vessel Pressure. The NUREG 1150 values for 
transmission factors for vessel failure at low pressure for the Zion plant are [93] (Table 1-6, p 
5.1-15): 

12 = 0.516 CS = 0.401 TE = 0.333 SR = 0.333 

The mean of these transmission factors is 0.396 and its inverse, the average DF for aerosols, 
is 2.53.  

MAAP calculations relevant to this case include the large- and small-break LOCAs. The 
resulting DF values are: 

12 = 1.336, 1.490 
CS = 1.331, 1.466 
SR= 1.498, 1.167 

The MAAP values for this case are lower than the NUREG- 1150 values. The DF selected for 
this case was 1.95, the mean of the MAAP and NUREG- 1150 predictions.  

Question: What is the RF and DF for SGTRs? 

Case 1: No SGTR. If the sequence is not initiated by an SGTR, no fission products 
enter the secondary side of the SGTR and no scrubbing takes place. Therefore, RFSGTR = 0.0 
and DFsGTR = 1.0.
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Case 2: SGTR with stuck-open secondary side safety valves. The fraction of in
vessel releases that are released into the steam generator used for Surry and Zion was 0.27 
([6], pg. B.2-3). The transmission factor for the steam generator was 1.0 (i.e. a DF of l1:0).  
Because these are the only available data, the values selected for this case are RFsGTR = 0.27 
and DFSGTR =1.0.  

Case 3: SGTR with normally operating secondary side safejy valves. The fraction 
of in-vessel releases that are released into the steam generator, assuming normal operation of 
the safety valves, used for Surry and Zion was 0.29 ([6], pg. B.2-3). The transmission factor 
for the steam generator was 0.53, (i.e. a DF of 1.89). The values selected for this case are 
RFSGTR = 0.29, and DFSGTR =1.89.  

Question: What is the containment decontamination factor for in-vessel releases 
(DFCONT)? 

Assumption: The containment DF depends on containment failure timing and size. Of these 
two factors, failure timing is considered to be the more important. As a result, five cases 
were considered for this parameter.  

Case 1: No Early or Late Containment Failure. A DF of 10,000 was used because, 
if the containment is intact, leakage to the environment from the containment will be design 
basis leakage.  

Case 2: Early Containment Rupture. The NUREG 1150 DF value for early 
containment rupture failure is 1.82 for the Zion plant [93] (Table 5.1, p 5.5-8).  

There were no MAAP values for early containment failures. Therefore the value used in this 
study is the NUREG- 1150 value.  

Case 3: Early Containment Leak. The NUREG 1150 DF value for early 
containment failure with a leak is 5.95 for the Zion plant [93] (Table 5.1, p 5.5-7).  

Again, there are no MAAP values for this case, and thus the value used in this study is the 
NUREG- 1150 value.  

Case 4: Late Containment Rupture. The NUREG 1150 DF value for a late 
containment failure with a rupture is 35.7 for the Zion plant [93] (Table 5.1, p 5.5-9).  

Two MAAP calculations apply to this case, station blackout accident scenarios 9 and 10. For 
accident scenario 9, the DF values were 5.138 for 12 and 3.478 for CS. Accident scenario 10
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includes sprays and predicts that the combined DF of sprays and containment exceeds 10,000.  
This would indicate a large value for the containment. Therefore it is believed that a value 
much nearer to the NUREG- 1150 value is more appropriate. A value of 30 was assumed.  

Case 5: Late Containment Failure and a Containment Leak. There is no NUREG 
1150 value for this case. However, five MAAP calculations apply: in scenarios 2 and 6, the 
sprays are inactive. The values for 12 and CS in scenario 2 were 5.328 and 3.317, 
respectively. The values for 12 and CS in scenario 6 were 37.051 and 29.752, respectively.  
The scenarios in which sprays are active include scenarios 5, 7, and 10. The combined DF 
for containment and sprays was over 10,000 for scenarios 5 and 10, and over 100,000 for 
scenario 7. These values would suggest very high values for the containment DF, and may 
likely be as high as 100. The MAAP values vary greatly, (i.e., from 3.3 to as high as 100).  
Furthermore, the value chosen for this case should be higher than that for Case 4, because of 
higher fission product retention with a leak than with a rupture. Accordingly, a value of 50 
was selected.  

Question: What is the decontamination factor of the sprays for in-vessel releases 
(DFEsPy)? 

Assumption: The spray DF depends on the availability of sprays. Since in-vessel releases are 
possible both early and late, the availability of the sprays at both times was considered.  

Case 1: V-Sequence. During a V-sequence, most of the in-vessel releases bypass the 
containment and are released directly to the primary auxiliary building. Therefore, it will be 
conservatively assumed that sprays will not effect the in-vessel releases for V-sequences and 
the DF is set to one.  

'Case 2: No'Early -or Late Sprays. The DF for the sprays is 1 if they are unavailable.  

Case 3: Early and Late Sprays Are On. The NUREG 1150 DF value for early 
sprays for the Surry plant is 9.4 at the midpoint of the distribution [7] (p B.2-5.).  

No MAAP calculations apply directly to this case. The values from NUREG-1465 [79], p 20, 
Table 5.1, suggest a value for sprays of between 3 and 1800, with a median value of 40. It 
was assumed that NUREG-1465 reflects the more realistic DF, therefore the value used in this 
study is the NUREG-1465 value.  

Case 4: Late Sprays Only. There is no NUREG 1150 value for this case.  

Five MAAP runs apply, however. Scenarios 5, 7, 8, and 10 suggest combined DFs (for 
containment and sprays) ranging from 10,000 to 100,000. This would suggest that the sprays
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* DFs are over 1000 (assuming that the containment DF is between 40 and 100). However, the 
MAAP spray DFs appear to be too high. Therefore, a value of 25.0 was chosen to be 
consistent with Case 3.  

Case 5: Early Sprays Only, Initiator Is Not a Large or Medium LOCA and Does 
Not Have a Stuck-Open PORV. There are no NUREG 1150 values or MAAP calculations 
for this case. The values from NUREG-1465 [79], p 20, Table 5.1, suggest a value near 1.8.  
This value is for high pressure cases, and assumes that most of the fission products remain 
trapped inside the reactor vessel until vessel breach. Therefore, the containment sprays affect 
,only the limited quantity of fission products outside the reactor vessel. The value used in this 
study is the NUREG-1465 value of 1.8.  

Case 6: Early Sprays Only, Initiator is a Large or Medium LOCA or Has a 
Stuck-Open PORV. NUREG-1465 [79], p 20, suggests a value near 12 for low pressure 
PWR sequences. Because the sprays will scrub all the fission products, this case is believed 
to be much like Case 4. Therefore, to be consistent with Case 4, a value of 25 was also used 
in this case.  

Question: What is the core-concrete interaction release fraction (RFcc)? 

. Assumption: Either the debris is cooled and no CCIs take place or the debris is not cooled 
and CCIs occur to completion.  

Case 1: Debris Cooled. No CCIs occur, and therefore all RFs are zero.  

Case 2: Debris Not Cooled. The NUREG- 1150 release fractions are based on expert 
solicitations. Experts gave the following values for Zion [93]: 

Expert A, (Table A-i, pg. 5.4-31) 
TE = 0.6 SR = 0.0016 

Expert B, (Table B-2, pg. 5.4-38) 
TE = 0.35 SR = 0.15 

Expert C, (Table C-25, pg. 5.4-68) 
TE = 0.235 SR = 0.0267 

It was assumed in NUREG 1150 that the RFs for NG, 12 and CS are 1.
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The MAAP values were calculated for five scenarios in which CCIs occur: scenarios 2, 6, 7, 
8, and 9. Scenarios 2, 6, and 9 had CCIs in a dry cavity, while scenarios 7 and 8 had CCIs 
in a flooded cavity. The latter two calculations used a reduced heat flux in MAAP. The heat 
flux was lowered because MAAP predicts boiling heat flux values that are much higher than 
observed in recent heat flux experiments [94].  

For CCIs in a dry cavity, the release fractions predicted for scenario 2 were: 

12 = 0.588 CS = 0.959 TE = 1.0 SR = 1.6 x 10-4 , 

the release fractions predicted for scenario 6 were: 
12 = 0.056 CS = 0.200 TE = 0.0 SR = 4.4 x 10-4 , 

and the release fractions predicted for scenario 9 were: 
12 = 0.754 CS = 0.992 TE = 1.0 SR = 3.1 x 104 .  

For CCIs in a flooded cavity, the release fractions predicted for scenario 7 were: 

12 = 0.992 CS = 0.999 TE = 0.9 SR = 0.015, 

and the release fractions predicted for scenario 8 were: 

12 = 0.015 
CS = 0.051 
TE =0.016 SR = 3.6 x 10-5.  

The values selected for this study lie in the conservative range of the available data: 

*NG = 1.0 12=-1.0 CS = 1.0 TE = 0.6 SR = 0.01 

Question: What is the decontamination factor of the pool above the debris during CCI 
(DFpOL)? 

Assumption: If water is present in the cavity, the cavity is flooded--the depth of the pool is at 
least 12 ft.  

Case 1: Water in Cavity Late in Sequence. The NUREG- 1150 DF value for this 
scenario is from the middle value of the distribution for the Surry plant [7], p B.2-6. For a 
full cavity, the DF is 30.0; for a partially full cavity, the DF is 5.5.  

The DFs predicted by MAAP values are 5155 for scenario 6; 123 for scenario 7; and 24 for 
scenario 8.
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The DFs predicted in NUREG-1465 [79] for the Zion and Surry plant (p 24, Table 5.4) range 
from 2.1 to 5.5 for a shallow pool and from 15 to 30 for a flooded cavity.  

Assuming the cavity is flooded, a value of 30 was selected using all three sources of 
information.  

Case 2: No Water in Cavity. The DF is 1 if water is absent.  

Question: What is the revolatilization release fraction 

(in-vessel) (RFREv)? 

Assumption: Only water affects revolitalization in the vessel and coolant loops. No allowance 
was made for the natural convection that may occur if two holes exist in the coolant system.  

Case 1: No Late Recirculation Injection to the Vessel. The release fractions 
predicted in NUREG 1150 are taken from Zion [93] (Table 3-2, p 5.3-6): 

12 = 0.170 CS = 0.113 TE = 0.0 

All the MAAP calculations apply to this case. The MAAP values are as follows: 

12 = 0.018, 0.006, 0.218, 0.030, 0.010, 0.026, 0.012 

CS = 0.031, 0.007, 0.279, 0.033, 0.010, 0.048, 0.012 

The high value in the MAAP scenarios is for the large LOCA, scenario 6, in which natural 
convection greatly enhances revolatization for this fraction.  

The values selected for this study were based on both the NUREG- 1150 and MAAP values: 

12 = 0.10 CS = 0.10 TE = 0.0 

Case 2: Late Recirculation Injection to the Vessel. The NUREG 1150 values for 
release fractions in this case are for Zion [93] (Table 3-2, p 5.3-6): 

12 = 0.060 CS = 0.055 TE = 0.0
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The values assumed in this study were based on the NUREG- 1150 data and the values from 
Case 1: 

12 = 0.05 CS =0.05 TE = 0.0 

Question: What is the containment decontamination factor for ex-vessel releases 
(DFLCONT)? 

Assumption: The containment DF depends on the timing and size of containment failure.  
Of these two factors, failure timing was considered to be more important. Five cases of 
containment failure and size were examined.  

Case 1: No Containment Failure. A DF of 10,000 was assumed since the 
containment has not failed and only design basis leakage from the containment to the 
environment will occur.  

Case 2: Early Containment Rupture. The NUREG 1150 value for the 
decontamination factor for the Zion plant [93] (Table 5.1, p 5.5-15) is 1.73 assuming early 
containment failure with a rupture. This value was used because there were no MAAP values 
for early containment failures.  

Case 3: Early Containment Leak. The DF predicted for the Zion plant by NUREG 
1150 for early containment failure with a leak is 5.55 [93] (Table 5.1, p 5.5-12). This value 
was used because there were no MAAP values for early containment failures.  

Case 4: Late Containment Rupture. The NUREG 1150 value for the Zion plant 
[93] for late containment failure with a rupture is 14.1 (Table 5.1, p 5.5-16).  

The only MAAP calculations that apply to this case are for accident scenario 9. The values 
of the decontamination factors derived for this run were 4.725 for TE and 5.958 for U02.  

A value of 10.0 was used in this study. This value lies between the NUREG- 1150 value and 
the lower MAAP values.  

Case 5: Late Containment Leak. NUREG 1150 provides no value for this case.  
Four MAAP calculations apply, however: in scenarios 2 and 6, the sprays are inactive; in 
scenarios 7 and 8, the sprays are active. In scenario 2, the DFs were 4.851 for TE and 6.131 
for U02. In scenario 2, the DF for TE was 1.959. The combined DF for containment and 
sprays for scenarios 7 and 8 were 906 and 110, respectively. If the spray DF is assumed to 
be approximately 30, the DF for the containment is approximately 4 to 30.

4-106



* The value chosen for this case should be higher than the value for Case 4, because a leak will 
have higher fission product retention than will a rupture. Therefore the value chosen, 20.0, is 
at the high end of the MAAP values.  

Question: What is the decontamination factor of the sprays for in-vessel releases 
(DFLsPY)? 

Assumption: The spray DF depends only on the availability of sprays late in the accident.  

Case 1: No Late Sprays. The DF of the sprays is 1 if they are unavailable.  

Case 2: Late Sprays. The NUREG-1 150 DF for late sprays is 14.0. This value is 
from the midpoint of the distribution for the Surry plant [7], p B.2-5.  

NUREG-1465 [79], p 20, Table 5.1, suggests a DF for sprays that is between 3 and 1800, 
with a median value of 40.0 

Two MAAP runs also apply to this case: scenarios 7 and 8. The combined DF for 
containment and sprays for scenario 7 was 906. The combined DF for containment and . sprays for scenario 8 was 110. These values support the assumption of a low (i.e. below 50) 
DF for the sprays.  

The late spray DF for in-vessel releases is probably comparable to the value assumed for early 
in-vessel spray operation. Therefore the same value of 30 was used.  

Question: What is the decontamination factor for the primary auxiliary building 
(DFPAB)? 

Assumption: Because the containment failure location is predicted to occur at the 63- or 57-ft 
elevations (and thus within the confines of the primary auxiliary building) all fission product 
releases must pass through the primary auxiliary building (PAB) before reaching the 
environment.  

No MAAP calculations were performed for the PAB, nor were any PWR auxiliary buildings 
examined in NUREG-1150. The only data available in NUREG-1150, is the DF of the 
reactor building for Peach Bottom. The median values from the distributions for the DF of 
this building for cases of containment leakage, rupture and drywell liner-melt ranged from 
1.46 to 4.049. Because of the limited information on the PAB, a building DF of 2.0 was 
assumed.
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4.7.3 RELEASE CATEGORIES

The consolidation of source term results was accomplished by "binning" or grouping releases 
into release categories that represent all postulated accident scenarios that produce a similar 
fission product source term. The criteria used to characterize the release are the estimated 
magnitude of total release and the timing of the first significant release of radionuclides.  

Source term results from previous risk studies suggest that categorization of release magnitude 
based on the cesium and tellurium release fractions alone is appropriate. The cesium release 
fraction indicates the fraction of in-vessel radionuclides escaping to the environment. The 
tellurium release fraction indicates the fraction of products of core-concrete interactions that 
escape. Noble gas releases are essentially complete given containment failure. Assignment of 
a sequence to a release category with respect to magnitude of release was thus based on the 
predicted cesium and tellurium release fractions. Table 4.7.3.1 indicates the scheme used to 
make this assignment.  

The second consideration in defining the release categories is the timing of release. Timing 
completely governs the extent of radioactive decay of short-lived radioisotopes prior to an off
site release and, therefore, has a first-order influence on prompt health effects. The only 
measure of timing in the GET is the timing of containment failure relative to vessel failure.  
CET end-states involving containment failure prior to or at vessel failure are classified as 
early releases; containment failures that occur after vessel failure are classified as late releases.  
This same timing was used for the characterizing the timing of the release of fission products.  

The combination of release magnitude and timing produce ten distinct release categories for 
source terms. An eleventh category is added to accommodate releases in which the 
containment does not fail. The final release categories are presented in Table 4.7.3.2.
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Table 4.7.3.1

Grouping of Source Term Magnitude

Table 4.7.3.2 

Release Categories

4-109

Cesium Release Fraction Tellurium Release Fraction 

10-4 to 0.01 0.01 to 0.1 0.1 to 1.0 

10-4 to 0.01 Low Medium-Low Medium 

0.01 to 0.1 Medium-Low Medium Medium-High 

0.1 to 1.0 Medium Medium-High High

Magnitude of Release 

Timing of 
Release Low Medium-Low Medium Medium-High High CF 

Early E-Low E-mLow E-Med E-mHi E-Hi nCF2 

Late L-Low L-mLow L-Med L-mHi L-Hi

Containment failure 

2No containment failure



4.8 ACCIDENT PROGRESSION AND CET QUANTIFICATION

4.8.1 INTRODUCTION 

Accident scenarios for the plant damage state groups defined in Section 4.4 were analyzed by 
developing and quantifying the CET described in Section 4.6 using the EVNTRE computer 
code [63]. The values assigned to basic event probabilities are described in Appendix M.  
Although quantification yields hundreds of thousands of accident progression sequences, most 
sequences have negligible probabilities and add little to the understanding of accident 
progression phenomena. Accordingly, low-probability sequences were eliminated from further 
consideration--a truncation value of 10'~, excluding plant damage state frequency, was used in 
CET quantification. This truncation value eliminates low probability sequences while 
ensuring that sequences responsible for at least 95 percent of the CET accident progression 
sequence frequency were identified.  

Each accident progression sequence identified was assigned to an accident progression bin 
(APB) defined by the eighteen top events in the event tree.  

4.8.2 CET RESULTS 

4.8.2.1 CET Results for Plant Damage State Group 1 

PDS group 1 results from SBO sequences. Its CET is summarized in Figure 4.8.2.1; the 
paths shown in this figure are the twenty most probable bins responsible for 89.4 percent of 
the 0.75 conditional probability of producing a source term release.  

In only two of these twenty most probable bins (APB 4 and 20) is core damage arrested after 
the recovery of ac power during core degradation and vessel failure prevented. For the 
remaining eighteen most probable APBs, vessel failure occurs at low RCS pressure (APBs 2, 
8, 9, 13, 14 and 16), medium RCS pressure (APBs 1, 5, 6, 7, 17, 18, and 19) or high RCS 
pressure (APBs 3, 10, 11, 12 and 15). For these bins, the conditional probabilities for low, 
medium and high RCS pressure at vessel failure are 0.35, 0.43 and 0.22, respectively.  
Medium and low RCS pressure result from a stuck-open PORV during the core melt 
progression (44 percent), RCS hot leg/pressurizer surge line high temperature induced failure 
(27 percent), and RCS depressurization achieved by PORVs opening (7 percent).
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Twelve of the twenty most probable bins are predicted to end with no containment failure.  
(APBs 4, 6, 7, 8, 11, 12, 13, 14, 16,18, 19 and 20). This outcome results from the strength 
of the containment, an enhanced ability to cool debris (arising from water in reactor pit or the 
large reactor pit surface area), restoration of ac power, and the availability of containment 
heat removal (sprays or containment fan coolers units). The remaining eight bins consist of 
two early containment failures in which a leak (APB 15) or rupture (APB 17) occurs; and six 
late containment failures in which a leak (APBs 1, 2, and 3) or rupture (APBs 5, 9 and 10) 
occurs. Because containment failure occurs late, source term releases into the containment 
atmosphere have time to adhere (plate-out) onto cooler RCS and containment surfaces and a 
late-medium source term results. The conditional probability for late containment failure is 
73.0 percent, the principal contributors being basemat melt-through (44 percent), containment 
overpressure because of core-concrete interactions with no containment heat removal 
(43 percent) and late hydrogen bums (13 percent).  

The conditional probability. of early containment failure (i.e., containment failure before or 
close to the time of vessel failure) for PDS group 1 is 2.0 percent, the principal contributors 
being contairnent overpressure failure at vessel failure (93 percent of early containment 
failures and dominated by direct containment heating and hydrogen burns) and high 
temperature induced SGTRs (7 percent of early containment failures).  

The conditional probability of an early source term release is 2.0 percent. The resulting early 
source terms are early_ mediumn (1.1 percent) and early high (0.9 percent). The conditional 
probability for a late source term release is 73 percent with late-medium (71 percent), late-low 
(1.4 percent) and late-medium-low (0.2 percent) source terms.  

The station blackout plant damage group conditional probabilities for containment failure and 
release categories are summarized in Figures 4.8.2.2 and 4.8.2.3.  

4.8.2.2 CET Results for Plant Damage State Group 2 

PDS group 2 results from transient (TRANS) sequences. Its CET is summarized in Figure 
4.8.2.4; the paths shown in this figure are those that result in the twenty most probable bins 
and are responsible for 86.8 percent of the 0.10 conditional probability of producing a source 
term release.  

In two of the twenty most probable bins (APBs 6 and 8), core damage is ar rested because 
early injection to the RCS is restored, precluding vessel and containment failure. These two 
bins have a conditional probability of 10 percent, the, principal reasons for no vessel failure 
being low/medium RCS pressure (76 percent) and the availability of injection before vessel 
failure (67 percent). The principal factors responsible for low/medium RCS pressure are a 
PORV sticking open while cycling during the core melt progression (62 percent) and high 
temperature induced failure of the RCS hot leg or pressurizer surge line (38 percent).
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Figure 4.8.2.2 

Station Blackout Plant Damage State Group Containment Failure Summary 
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Figure 4.8.2.3 
Station Blackout Plant Damage State Group Release Category Summary

1.00 

0.90 

0.80 

0.70 

0.60 

0.50 

0.40 

0.30 

0.20 

0.10 

0.00 -

L Hi E Low E mLow E Med

I I~I

L Low L mLow L Med L mHi E mHi E Hi NCF



P09 CPIOR TO RCS BREAK STUCK-OPEN STUCK-OPEN TEMPERATURE RCS PRESSURE r EARLY CORE MELT ODES.VESSEL I DOES EARLY LATE MATER is I HRE DEBRISLAEDELTE RESE EOPO. CCEN 
INIIAIN CREDAAG SZE PS RBYBG AEY IDCD AT VSE ONTAINMENT IPERCENTAGE FAILURE OCCUR CONTAINMENT AALABLE REIRULATIO N AIMTE COO&LABLIYREICUAIO8ONAEmNDCTGOYRYOGRSSO EVENT VESSEL GVALVE STCK-OEN FAILURE SPRAYS IAT REFLOOD FAILURE OCCUR .. A.ISMDCNANET SVSEPAT ALR CJ 

RUPUREPOV'~ ILATE HEAT REMOVALw - - I SMY cFL I R

1 an PCDOVF SMAfB~k

bumY nSO-sOY IEITORV MCR flE.wy - -CM72O
L~J42O fLJ-sc.'

flL~HR CCI

flEp.y C0)209 VPnCFE L-J*D-c LKJ L . .. -

IMre1 OE..Sgy CM20Z

VF WCE -

S.~ S.JA

13COUL NCF 

ry n UCF 

UCENJL 

nLSPI n 

in 

LLm 

nL 

I .L-up" 

L 
UCF

E1J nL..iary CLJk Li.d

.90' nXLFr - LP TGe. _H L -

NCF~~

'v KR L NC

IL.-nE-Spty CM>20E

=I nL rv

9. SCL.03 

-1.15E-01

VFnCur L nCIfl lNCF 377-0 

OI Lpy., B---r~~ .02E-o3 

nnCF- LJ4SO L.. :-Herr, LJHN QCnlL u j.- .. '9. .

ULAWL 0 ISpy nCF 

I', fl
6.28E-o2 

1. 27E-02

I , n 2.n 02E-03

n.JHR CEI lL_%P.y CFL..LA L-fd I 1. 1 SE-02

NCF

I VF nCFE -T

I ;Mmv noSOS

nL-Apr ---------- nt7r 

nL &or, - - -

2. ISE-1 

1.68E-( 

2. 2GE-C 

1.6B9E-0 

2. OBE-0 

7.01K-K: 

8.36GE-01 

1. 4SE-02 

1. 73E-02 

S.98E5-02

F,

-02 APS-10 

-02 APS-13 

02 AP-S 

e2 APS-12 

of AP- I 

)3 I APB-20 

M AP-24 

12 APB-if 

2 IPB-17 

I PS-2 

PB-7 

AB-1S 

AS-B 

Al-S5 

0.1~-19 

A111- 16

rx.j- I .-

M. . nESpry CW>201 VF nCFE I -

j

ANSTEC 
APERTURE 

CARD 

Aino Available on 
Aperture Card~ 

Figure 4.8.2.4 
CET Results for Transients 

Plant Damage State Group 

4-115

7 DCOOL -

12 

13

high ntupry nCFE -r3w--



For the remaining eighteen bins, vessel failure occurs. However, no containment failure is 
predicted for thirteen of these bins (APBs I to 5, 7, 9, 10, 12, 14, 15, 17 and 19) as a result 
of: the presence of water in the reactor pit supplied by late recirculation cooling to cool debris 
and so preclude containment overpressure failure (86 percent of all APBs); the availability of 
containment heat removal from the RHR heat exchangers or containment fan cooler units (94 
percent of all APBs) for containment pressure control; and the strength of the containment.  

For PDS group 2, the conditional probability of early containment failure is 0.6 percent. In 
contrast to PDS group 1, the principal contributors are high temperature induced SGTR 
failures (73 percent of early containment failures), containment overpressure failure at vessel 
failure (22 percent of early containment failures and dominated by hydrogen burns and direct 
containment heating phenomena) and containment isolation (4 percent of early containment 
failures). The difference in results can be attributed to the higher RCS pressure predicted for 
PDS group 2 because of the unavailability of secondary cooling (92 percent of all APBs).  
The conditional probability for late containment failure is 9.4 percent, the principal 
contributors being steam/unoble gas overpressure failure because the debris bed is not cooled 
(59 percent of late containment failures), basemat melt-through (40 percent of late 
containment failures) and steam overpressure failure resulting from the unavailability of 
containment heat removal as debris cools (1 percent of late containment failures).  

The conditional probability of an early source term release is 0.6 percent. The conditional 
probability for a late source term release is 9.4 percent. The resulting late source terms are 
defined as late-medium (77 percent) and late low (23 percent) source terms.  

The transient plant damage group conditional probabilities for containment failure and release 
categories are summarized in Figures 4.8.2.5 and 4.8.2.6.  

4.8.2.3 CET Results for Plant Damaize State Group 3 

PDS group 3 results from loss of coolant accident (LOCA) sequences. Its CET is 
summarized in Figure 4.8.3.7; the paths shown in this figure are the twenty most probable 
bins responsible for 90.7 percent of the 0.073 conditional probability of producing a source 
term release.  

In four of the twenty most probable bins (APBs 3, 11, 16 and 20), core damage is arrested 
and vessel failure prevented because early injection (recirculation mode) to the RCS is 
restored during core degradation. These five bins have a conditional probability of 17.9 
percent, the principal reasons for no vessel failure being low/medium RCS pressure because of 
the LOCA initiator (98.7 percent), and the restoration of high/low head pump cooling (89.3 
percent). For the remaining sixteen bins, vessel failure occurs. However, no containment
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Figure 4.8.2.5 
Transient Plant Damage State Group Containment Failure Summary
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Figure 4.8.2.6 

Transient Plant Damage State Group Release Category Summary
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Figure 4.8.2.7 

CET Results for Loss of Coolant 

Plant Damage State Group.  
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failure is predicted for thirteen of these bins (APBs 2 to 7, 10 to 13, and 15 to 20) because of 
the presence of water in the reactor pit supplied by late recirculation cooling to cool debris 
and so preclude containment overpressure failure (91 percent of all APBs), the availability of 
containment heat removal from the RJIR heat exchangers or containment fan cooler units for 
containment pressure control (96 percent of all APBs), and the strength of the containment.  

The remaining three bins consist of late containment leak. failures (APBs 8, 9 and 14). As 
with PDS groups 1 and 2, late containment failure for plant damage states in PDS group 3 
can be attributed to the strength of the containment and the LOCA initiator resulting 
inaccident progressions in which RCS pressure is either low (<675 psig) or medium (>675 < 

2250 psig). Low and medium RCS pressures preclude such early containment failure 
phenomena as high pressure melt injection, rocketing, and direct containment heating. For 
those bins in which the containment fails late, the source term release from the RCS into the 
containment and to the environment was categorized as either late-low or late-medium.  

The conditional probability of early containment failure for PDS group 3 is 0.08 percent, the 
principal contributors being containment overpressure failure at vessel failure because of 
hydrogen burns and direct containment heating, (62 percent of early containment failures), 
containment isolation failure (21 percent of early containment failures),' and high temperature 
induced SGTRs (17 percent of early containment failures). The conditional probability for 
late containment failure is 7.3 percent; the principal contributors being basemnat melt-through 

(53 percent of late containment failures) and steam/noble gas overpressure failure because the 
debris bed is not cooled and containment heat removal is unavailable (44 percent of late 
containment failures).  

The conditional probability of an early source term release is 0.08 percent. The conditional 
probability for a late source term release is 7.3 percent. The resulting late source terms are 
defined as late-low (70 percent) and late-medium (30 percent) source terms.  

The LOCAs plant damage group conditional probabilities for containment failure and release 
categories are summarized in Figures 4.8.2.8 and 4.8.2.9.  

4.8.2.4 CET Results for Plant Damage State Group 4 

PDS group 4 results from interfacing system LOCA (V) sequences. Its CET is summarized in 
Figure 4.8.2.10; the paths shown in this figure are the 9 with probabilities greater than 10'.  
This PDS group will produce a source term release.
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Figure 4.8.2.8 
LOCA Plant Damage State Group Containment Failure Summary 
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Figure 4.8.2.9 

LOCAs Plant Damage State Group Release Category Summary
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Figure 4.8.2.10 

CET Results for Interfacing System 

LOCA (VSEQU) 

Plant Damage State Group 
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* In interfacing system LOCAs that result in core damage, RCS and RWST inventory is located 
outside containment and long-term recirculation core cooling is precluded. Therefore, the 
containment building and engineered safeguard features have minimal impact on the source 
term release and this PDS group results in early-medium (86 percent) or early-high (14 
percent) source terms.  

The interfacing system LOCA plant damage group conditional probabilities for containment 
failure and release categories are summarized in Figures 4.8.2.11 and 4.8.2.12.  

4.8.2.5 CET Results for Plant Damage State Group 5 

PDS group 5 results from steam generator tube rupture (SGTR) sequences. Its CET is 
summarized in Figure 4.8.2.13; the paths shown in this figure are the 14 with probabilities 
greater than 10'. Because the containment is bypassed at the onset of core damage, this PDS 
will produce a source term release. As with PDS group 4, most accident progression bins 
result in RCS and RWST inventories outside containment and the elimination of long-term 
recirculation core cooling. Because the containment building and engineered safeguard 
features therefore have a minimal impact on the source term release, all accident progression 
bins for this PDS group result in early-medium, early-medium high or early-high source 

* terms. For those accident progressions in which both high and low-head flow are precluded, 
because secondary cooling is unavailable and therefore RWST inventory remains in the tank, 
high- and low-head systems are available to provide late injection upon vessel failure.  
However, their operation has little impact on the releases--the resulting source term releases 
for these bins are predominantly early-medium high and early-medium.  

The steam generator tube rupture plant damage group conditional probabilities for 
containment failure and release categories are summarized in Figures 4.8.2.14 and 4.8.2.15.  

4.8.2.6 CET Results--Conditional Probabilities of Top Events 

The results of the evaluation of the containment event trees (CET) for the plant damage state 
groups can also be described in terms of conditional probabilities, given core damage, of the 
eighteen top events listed in Section 4.6. In general, these conditional probabilities were 
calculated as the sums of conditional probabilities associated with all the plant damage states, 
weighted according to their probabilities.
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Figure 4.8.2.11 
VSequ Plant Damage State Group Containment Failure Summary 
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Figure 4.8.2.12 
V_Sequ Plant Damage State Group Release Category Summary
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Figure 4.8.2.13
CET Results for Steam Generator Tube Rupture 

(SGTR) 
Plant Damage State Group 
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Figure 4.8.2.14 
SGTR Plant Damage State Group Containment Failure Summary 
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Figure 4.8.2.15 
SGTR Plant Damage State Group Release Category Summary
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Initiating Event (I-Evnt). Figure 4.8.2.16 shows the conditional probabilities of each 
plant damage state group, given core damage. Plant damage states initiated by transients 
dominate the total core damage frequency (with a conditional probability of 0.388). The 
conditional probabilities for LOCAs (including those PDSs in which RCP seal LOCAs have 
occurred) are 0.309, for station blackout 0.249, for steam generator tube rupture 0.048, and 
for interfacing system LOCA 0.006.  

Status of Reactor Vessel Lower Head (PCD-VF). Figure 4.8.2.17 shows the 
conditional probability of a gross vessel lower head failure prior to core damage. The sole 
cause of this event is a main steamline break with subsequent pressurized thermal shock that 
fails the vessel.  

Reactor Coolant System Break Size (RCS-Brk). Figure 4.8.2.18 shows the 
conditional probabilities of RCS break sizes. The predicted RCS break size with the highest 
conditional probability is either small (i.e., RCP seal LOCA, stuck-open PORV or guillotine 
steam generator tube break) or no break. This reflects the dominance of the SBO and 
TRANS (64 percent) groups over the LOCA group. However, for the LOCAs group, the 
predicted likely RCS break size is large (83 percent). Because RCS break size influences 
RCS pressure, it plays an important role in determining fission product evolution.  

Status of the Pressurizer PORVs and SRVs Prior to Core Damage (SORV).  
Figure 4.8.2.19 shows the integral conditional probability of stuck-open pressurizer 
PORV/SRV prior to core damage. A stuck-open PORV resembles a small-break LOCA in 
that the RCS depressurizes, and directly affects fission product evolution and transport 
because it will reduce RCS pressure and thus lessen the potential for high-pressure melt 
ejection phenomena. Because the predicted conditional probability of a stuck-open pressurizer 
PORV/SRV prior to core damage is low (0.0314), these accident progressions are not 
significant.  

Status of the Steam Generators SRVs (SOSGSV). Figure 4.8.2.20 shows the 
integral conditional probability of stuck-open steam generator safety relief valve (SRV) given 
SGTR. The difference between SGTR events with and without a stuck-open steam generator 
SRV is significant. Should all steam generator SRVs reclose, secondary-side pressure will be 
maintained and the gaseous and volatile fission products released during core damage tends 
to only displace the steam in the steam generator and steam lines and results in a relatively 
low release. Upon RCS failure, RCS pressure falls below the secondary-side pressure and the 
potential for release is eliminated.  

An SGTR accompanied by a stuck-open SRV results in a secondary-side depressurization and 
therefore RCS pressure, even upon RCS vessel failure, remains greater than the secondary
side pressure. Consequently, the fission product releases are significantly larger than when 
the secondary-side remains closed to the atmosphere (see Figure 4.8.3.21).
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Figure 4.8.2.16 
Conditional Probability Distributions for Each Plant Damage State Given Core Damage
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Figure 4.8.2.17 
Conditional Probability of Gross Vessel Lower Head Failure Prior to Core Damage 
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Figure 4.8.2.18 
Conditional Probability of RCS Break Size
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Figure 4.8.2.19 
Conditional Probability of Stuck-Open PORVS/SRV Prior to Core Damage 
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Figure 4.8.2.20 

Conditional Probability of Stuck-Open Steam Generator SRV Given SGTR 
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Figure 4.8.2.21 
SGTR Release Categories Versus Stuck-Open Steam Generator SRV
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Pressurizer PORV/SRV Sticks Open While Cycling Prior to Vessel Failure (E SORV).  
Figure 4.8.2.22 shows the integral conditional probability of stuck-open PORV/SRV induced 
by high temperature and excessive cycling. The integral PDS results predicts a 0.31 
conditional probability of a stuck-open PORV/SRV prior to vessel failure. Should the 
pressurizer PORV/SRV stick open, the RCS is depressurized and the likelihood of vessel 
failure decreases because core cooling systems that were previously deadheaded are available.  
In addition, lower RCS pressure reduces the potential for early containment failure because of 
direct containment heating.  

RCS Pressure at Vessel Failure (RCSAVF). Figure 4.8.2.23 shows the conditional 
probabilities of the RCS being depressurized before vessel failure, given core damage. The 
most probable RCS pressure at vessel failure is a pressure below the PORV setpoint of 
2350 psia: the conditional probabilities for high, medium (>675 psia <2350 psia) and low 
RCS pressure are 0.15, 0.32, and 0.53, respectively.  

,With RCS depressurization, the loads on the containment at vessel failure are reduced and 
early containment failure is less probable. In addition, a low/medium pressure allows for 
high-head flow in PDSs accompanied by a loss of secondary cooling and thus an increased 
probability of arresting core damage. The principal causes of RCS depressurization from an 
initially high RCS pressure were found to be high temperature induced failure of an RCS hot 
leg or pressurizer surge line (19 percent), and a PORV sticking open (31 percent) or being 
manually opened from the control room (9 percent).  

Early (E-SPRAY) and Late CL-SPRAY) Spray Operation. Figure 4.8.2.24 shows 
the conditional probabilities of early and late containment spray operation, given core damage.  
The conditional probability of early containment spray operation (spray operation after core 
damage but prior to vessel failure) is negligible because of the probabilities of very early 
containment spray prior to core damage ( 0.13), containment heat removal (0.75), and the 
occurrence of the SBO and containment bypass groups which require no containment spray 
operation.  

Operation of very early sprays is important because it relocates water from the RWST to the 
reactor pit and containment sumps, assuring a late water capability, core cooling (recirculation 
mode) and debris cooling (after vessel failure).  

The conditional probability of late containment spray operation in the recirculation mode is 
0.20. This probability reflects containment spray operation prior to core damage (very early 
operation) and the high probability of containment heat removal using either the containment 
fan cooler units or RHR heat exchangers.
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Figure 4.8.2.22 
Conditional Probability of Temperature Induced Stuck-Open PORV/SRV Prior to Vessel 

Failure 
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Figure 4.8.2.23 
Conditional Probability of RCS Pressure at Vessel Failure 
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Figure 4.8.2.24 

Conditional Probability of Early and Late Containment Spray 
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Operation of late containment spray in the recirculation mode following vessel failure will 
provide significant scrubbing of airborne fission product, and thus significantly lower the 
environmental source term.  

Late Water SupDly (L-H20) and Late Recirculation . Figure 4.8.2.25 shows the 
integral conditional probabilities, given core damage, of late water supply and recirculation 
operation. Except with initiators that cause containment bypass, the conditional probabilities 
for late water supply and late recirculation operation are high. The availability of water will 
impact core and debris cooling and late containment spray operation and reduce the likelihood 
of containment failure.  

Core Melt Percentage at Reflood (CM>20%). Figure 4.8.2.26 shows the conditional 
probability of core melt, given core damage. The conditional probability of the core melt 
exceeding 20 percent is high for all PDS 'groups (0.98). The principal factors are failure to 
restore early in-vessel injection (0.38 conditional probability), the occurrence of an SBO 
induced"by a non-recoverable internal flood (0. 15 conditional probability), and a loss-of
offsite power SBO with no ac power at core damage (0.05 conditional probability). Given the 
recovery of coolant injection, In addition, core melt progression can be terminated in-vessel 
only if less than 20 percent of the core has melted is at the time of injection recovery.  

Because of the high probability of core melt, the predicted vessel failure probability is high.  

Vessel Failure. (VF ). Figure 4.8.2.27 shows the conditional probabilities of vessel 
failure given core damage. The potential for recovering core cooling and thereby preventing 
vessel failure is low--the conditional probability of no vessel failure for all PDS groups is 
0.12. The principal cause of this low probability is failure to restore core cooling before the 
core degradation progresses too far (Figure 4.8.2.26). Core cooling can be restored by the 
restoration of ac power irn SBO'sequences and by RCS depressurization.  

Vessel failure is dominated by vessel penetration failure (0.76) rather than gross vessel failure 
(0.12), a fact that reflects the prevailing view [73] that gross reactor vessel failure is unlikely.  

Early Containment Failure (CFE) . Figure 4.8.2.28 shows the conditional 
probabilities of early containment failure given core damage and vessel failure. If bypass 
failures are ignored, the conditional probability of early containment failure 0.01, a low value 
that reflects the strength of the containment relative to the loads predicted at vessel failure and 
the probability that vessel failure does not occur. Although containment bypass is the 
dominant early containment mode, the conditional probability for containment bypass is low 
(0.05) and containment bypass is not considered a dominant containment failure mode. Early 
containment failure progressions are expected to be dominated by leak (< 0.1 ft') failure 
(0.059) rather than by rupture (>1 ft2) failure (0.004).  
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Figure 4.8.2.25 
Conditional Probability of Late Water Supply and Late Recirculation Cooling 
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Figure 4.8.2.26 
Conditional Probability of Core Melt Percentage Given Core Damage 
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Figure 4.8.2.27 
Containment Probability of Vessel Failure Given Core Damage 
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Figure 4.8.2.28 
Containment Probability of Early Containment Failure Given Core Damage
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Late Containment Heat Removal (L CHR). Figure 4.8.2.29 shows the integral conditional 
probability of late containment heat removal given vessel failure. The conditional probability 
of late containment heat removal provided by the containment fan coolers units or RHR heat 
exchangers is high (0.78). Consequently, heat is removed from the debris and the water in 
the reactor pit, reducing the likelihood of containment steam overpressure failure. Should 
containment heat removal be unavailable, water in the reactor pit would boil off, and core
concrete interactions and containment overpressure would result.  

Coolable Debris Forms Ex-Vessel (DCOOL). Figure 4.8.2.30 shows the integral 
conditional probabilities for a coolable debris bed given vessel failure. The conditional 
probability of forming a coolable debris bed is (0.50) for non-bypass initiators. This 
probability results from the high conditional probabilities for low/medium RCS pressure 
(Figure 4.8.2.23) and late water supply (Figure 4.8.2.25) and a large reactor pit surface area 
(840 ft2 ). This last factor makes for relatively shallow debris bed depths and enhanced debris 
cooling. A coolable debris bed and the presence of containment heat removal (containment 
fan coolers or RHR heat exchangers) will prevent containment failure. Conversely, factors 
that contribute to a non-coolable debris bed are insufficient late water supply and the absence 
of water in the reactor pit following vessel failure (conditional probability 0.46), and the 
unavailability of late recirculation cooling and late containment heat removal (conditional 
probability 0.04).  

Late Containment Failure (CFL). Figure 4.8.2.31 shows the integral conditional 
probabilities of late containment failure, given vessel failure. Except for the SGTR and 
V_Seqii PDS groups in which containment bypass occurs, the dominant containment end 
states are no containment failure (conditional probability 0.70) or late containment failure 
(conditional probability 0.24 percent). The probable late containment failure modes are 
basemat melt-through (0.11), steam/noble gas overpressure (0.11) and late hydrogen bums 
failures (0.02).  

Release Category (RC). Figure 4.8.2.32 shows the conditional probabilities of the 
release categories, given containment failure. Because the dominant containment end states 
are no or late containment failure, the resulting dominant source terms are categorized as late 
releases. In addition, because of the high availability of water and late sprays, the magnitude 
of these releases are either medium (0.01 to 0.1 of the total cesium and tellurium fractions) or 
low (10' to 0.01 of the total cesium and tellurium fractions). Early releases are dominated by 
SGTR and VSequ PDS groups. Since the SGTR plant damage state group is more likely 
than the VSequ group, and the surface area available in primary and secondary pathways 
conveying the release from an SGTR allows for more source term deposition than would 
occur in releases associated with the VSequ group, the resulting release magnitude was 
categorized as early-medium for a SGTR with no stuck-open steam generator SRV and early
medium-high for a SGTR with a stuck-open stem generator SRV (see Figure 4.8.2.21).
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Figure 4.8.2.29 
Conditional Probability of Late Containment Heat Removal Given Vessel Failure 
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Figure 4.8.2.30 
Conditional Probability for Coolable Debris Bed Given Core Damage 
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Figure 4.8.2.31 

Conditional Probability of Late Containment Failure Given Core Damage 
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Figure 4.8.2.32 
Conditional Probability of the Release Categories Given Core Damage 
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4.8.3 INSIGHTS

4.8.3.1 Core Damage Arrest 

Figure 4.8.3.1 shows the conditional probabilities that core damage is arrested, and 
containment failure avoided, given that a plant damage state group occurs. While the 
restoration of coolant injection is necessary for core damage arrest, it is not always 
sufficient--five other factors are involved: 

0 The timing of the recovery of coolant injection relative to the time at which core 
damage starts and the time at which vessel failure is anticipated 

0 The fraction of core that has slumped 

0 The fraction of core debris that is mobile within the lower plenum of the reactor vessel 

0 Reactor coolant system (RCS) pressure 

M The probability of an in-vessel steam explosion.  

As the restoration of ac power and coolant injection is a prerequisite for core damage arrest, 
clearly the sooner restoration occurs, the more likely it is that core damage will be arrested-
the early restoration of ac, power increases the likelihood that the core will retain a coolable 
geometry and, therefore, that core decay heat removal will be adequate. If a large fraction of 
the core slumps, an uncoolable mass of core debris may form below the remaining intact 
core--thus even though the remaining intact core is quenched by the restored coolant injection, 
the geometry of the slumped core may limit removal of decay heat from it and increase the 
potential for vessel failure as a result of the thermal degradation of the reactor vessel bottom.  
A higher fraction of mobile core in the lower plenum of the reactor pressure vessel has the 
same effect.  

While the ultimate effect of RCS pressure depends upon the accident progression, high RCS 
pressure will prevent low-head coolant injection systems from operating and thus increase the 
potential for vessel breach. In-vessel steam explosions can also fail the reactor vessel. Such 
steam explosions are caused by liquid coolant contacting hot core material as the vessel 
refloods.  

The higher probabilities of core damage arrest (and no vessel failure) shown in Figure 4.8.3.1 
for the transient (TRANS) and LOCA plant damage state groups relative to the SBO group 
can be attributed to the higher probability of early injection to the RCS during core 
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Figure 4.8.3.1 
Conditional Probability Distributions for Core Damage Arrest
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degradation in the former groups. This probability is enhanced by low/medium RCS pressure 
caused by LOCA initiators or RCS depressurization after the transient. RCS depressurization 
may result from a high temperature induced hot leg/surge line or SGTR, a PORV sticking 
opening while cycling during the core melt progression, or the operator opening the PORVs.  

For SBOs, the probability of ac power recovery before core damage is relatively high and the 
probability of ac power recovery after core damage but before vessel failure is 
correspondingly low. Therefore, the conditional probability of restoration of early injection 
and core damage arrest for SBOs is low.  

Because core damage arrest precludes containment failure, radionuclide releases will be small 
source term releases that pass through normal containment leakage paths (penetrations of the 
containment structure).  

4.8.3.2 Early Containment Failure 

Containment failure before, at, or shortly after vessel failure is a major contributor to an early 
offsite source term release. Seven early containment failure modes were considered: 

0 Alpha mode failure 

* Rocket mode failure 

M Hydrogen detonation failures 

0 Ex-vessel fuel-coolant interactions 

0 Vessel breach overpressurization 

0 Containment isolation 

0 Containment bypass.  

Figure 4.8.3.2 shows the conditional probability of early containment failure for each PDS 
group given core damage. The mean conditional probabilities are 0.02 for the station 
blackout group (SBO), 0.006 for the transient group (TRANS), 0.0008 for the LOCAs group, 
and unity for both the steam generator tube rupture (SGTR) and interfacing system LOCA 
(VSequ) groups. In these last two groups, there is containment bypass from the onset of 
core damage and other early containment failure modes are precluded.
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Figure 4.8.3.2 
Conditional Probability Distributions for Early Containment Failure
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Figure 4.8.3.3 shows conditional probabilities of early containment failure, given core 
damage, for each PDS group conditional on core damage. Excluding the containment bypass 
fdilure for the SGTR and interfacing LOCA (VSequ) PDS groups, the failure modes with the 
highest conditional probabilities are containment overpressure failure resulting from direct 
containment heating at vessel breach (with conditional probabilities of 0.019 for the SBO 
group, 0.0014 for the TRANS group, and 0.0005 for the LOCA group), high temperature 
induced SGTR (with conditional probabilities of 0.0014 for SBO group, 0.0044 for TRANS 
group and 0.00014 for LOCA group), containment isolation (with conditional probabilities of 
0.0002 for the SBO group, 0.0003 for the TRANS group, and 0.0002 for the LOCA group), 
and ALPHA mode failure with conditional probability of 0.0002 for SBO group.  

The low conditional probabilities of most early containment failure modes for the SBO, 
transient (TRANS), and LOCA plant damage state groups reflect the strength of the 
containment relative to the containment loads predicted for reactor vessel failure, should it 
occur, and the probability that the vessel does not, in fact, fail in these accident sequences.  

4.8.3.3 Late Containment Failure 

Figure 4.8.3.4 shows the conditional probabilities of late containment failure given core 
damage. Figure 4.8.3.5 shows the conditional probabilities of late containment failure modes 
given core damage. Interfacing LOCA (VSequ) and SGTR PDS groups are omitted from 
these figures as containment bypass obviates late containment failure.Four late containment 
failure modes were considered: 

M Early containment leak failure escalating to late containment rupture failure 

0 Late hydrogen bum failure 

0 Basemat melt-through 

a Steam/noble gas overpressurization.  

The most probable late containment failure modes for the SBO group are basemat melt
through, containment overpressure and late hydrogen bums (with conditional probabilities of 
0.32, 0.31 and 0.10, respectively). For the transient (TRANS) group, the most probable late 
containment failure modes are steam/noble gas overpressure failure and basemat melt-through 
(with conditional probabilities of 0.057 and 0.038, respectively). For the LOCA group, the 
most probable late containment failure modes are basemat melt-through and steam/noble gas 
overpressure failure (with conditional probabilities of 0.039 and 0.034, respectively).

4-155



0 FigureO.3.3 

Conditional Probability Distributions for Individual Early Containment Failure Modes Given Core Damage 

0.015 

0 
* Alpha mode failure 

.2 w M] Rocket mode failure 
U.  

* Early Hydrogen Detonation failures 
E 0.01 

Ex-vessel fuel-coolant interactions 

0 El Vessel breach overpressurization 

U"D Containment isolation 

0 Bypass (Induced SGTR) 

-0 0.005 
.0 

.0 

0 
0 

SBO Trans LOCA 

Plant Damage State Group [Frequency]



Figure 4.8.3.4 

Conditional Probability Distributions for Late Containment Failure
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Figure 4.8.3.5 
Conditional Probability Distributions for Late Containment Failure Modes Given Core Damage
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Therefore, the most probable outcome to the accident is late or no containment failure unless 
the initiator itself causes containment bypassing. This outcome-can be attributed to the 
-strength of the containment and to the enhancement of debris cooling occasioned by the large 
reactor pit surface area (which reduces the probability of core-concrete interactions) and the 
availability of a late water supply for core cooling (and core damage arrest) or debris cooling 
after vessel failure 

4.8.3.4 Core-Concrete Interactions 

Figure 4.8.3.6 shows the conditional probabilities of molten core-concrete interactions (CCI), 
given core damage and vessel breach, for each plant damage state group. For the transient 
and LOCA PDS groups, core debris will likely be cooled by an overlying pool of water and, 
consequently, either no core-concrete interactions occur or releases from the core-concrete 
interaction are scrubbed by the water, reducing the source term. The high probabilities of 
cooling core debris result from the high probability of the RWST inventory accumulating in 
the reactor pit (making initial debris cooling more likely) and the containent sumps 
(allowing for continued debris cooling by recirculation cooling). In contrast, in the SBO PDS 
group, the conditional probabilities of ac power recovery and availability of water for debris 
cooling are lower. In SGTR and V-sequence PDS groups, the RWST water inventory is 
ultimately discharged outside containment, ensuring core-concrete interactions upon vessel 
failure.  

4.8.3.5 Late Water Supply 

Figure 4.8.3.7 shows the impact of late water availability upon the conditional probabilities of 
early, late and no containment failure. The higher conditional probability of late containment 
failure for the SBO plant damage state group can be attributed to the lower conditional 
probability of a late water supply to the reactor pit and containment sumps through the RCS.  
Without this late water supply, core-concrete interactions, and thus containment failure, are 
likely. In the transients and LOCA groups, a high probability of late water supply results in a 
correspondingly low probability of containment failure. In addition to minimizing core
concrete interactions, late water supply will also ensure sufficient water in the contairnent 
sumps water to achieve late containment spray operation in the recirculation mode and 
significant airborne fission product scrubbing. Such scrubbing will significantly lower the 
environmental source term. The impact of late containment spray operation is described in 
Section 4.9.
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Figure 4.8.3.6 
Conditional Probability Distributions for Core-Concrete Interactions
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Figure 4.8.3.7 
Conditional Probability Distributions for Late Water Supply
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4.8.3.6 Containment Performance

The containment performance analysis results will be discussed in terms of the five 
fundamental containment failure modes: 

0 No containment failure 

M Late containment leak failure 

M Early containment leak failure 

M Late containment rupture failure 

M Early containment rupture failure.  

The predicted conditional probabilities of these containment failure modes are depicted in 
Figure 4.8.3.8. and are discussed below.  

No Containment Failure. Containment failure is unlikely to occur because of the 
containmnent strength, and the predicted availability of late containment heat removal and low 
RCS pressures at vessel failure. The containment strength is high compared to the loads 
expected during a severe accident progression. Because of the large containment volume and 
high failure pressure [70], containment failure is therefore unlikely.  

Because of the high probability of long-term (hours after vessel failure) containment heat 
removal (Section 4.8.2.6) and the ability of the containment fan coolers units or RI-R heat 
exchangers operating in the recirculation mode to remove the predicted energy transfer into 
the containment atmosphere, containent failure is unlikely.  

RCS pressure is unlikely to be high (at or above the PORV setpoint) at vessel failure.  
Therefore, such energetic events as high pressure melt injection and direct containment 
heating that might fail the containment are unlikely. Low RCS pressures at vessel failure 
result from large RCS breaks, stuck-open pressurizer PORV/SRV, pressurizer surge line or 
RCS hot leg pipe thermal/creep failure or manual opening of the PORVs for RCS 
depressurization during core damage.
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Figure 4.8.3.8 
Containment Failure Summary
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Late Containment Leak Failure. The late containment failure conditional 
probabilities are split almost evenly between basemat melt-through and late containment 
overpressure failure. Basemat melt-through is caused by an uncoolable core debris bed 
geometry that results in long-term core-concrete interactions and concrete basemat ablation 

.until liner failure occurs. Late containment overpressure failure is caused mainly by the 
absence of late containment heat removal which results in steam overpressure containment 
.failure.  

Early Containment Leak Failure. Early containment leak failure is caused almost 
,entirely by containment bypass conditions that are defined as initiators (i.e., steam generator 
tube rupture and outside containment LOCAs). Of the 6 percent early containment failures, 5 
percent are from bypass and 1 percent are attributed to station blackout events. Early 
containment failures in station blackout events are caused by hydrogen bums, high RCS 
pressure at vessel failure (i.e., high pressure melt injection and direct containment heating), 
and high RCS temperature and pressure-induced steam generator tube ruptures.  

Late Containment Ruptures Failure. The late containment ruptures failures are 
almost all attributed to late hydrogen bums in the containment. (Section 4.8.3.3).  

Early Containment Rupture Failure. The probability of early containment rupture 
failure is negligible. The only contributors to this failure mode are large break outside 

* LOCAS (V-sequence) events.  

Finally,.it should be noted that the performance of the IP3 containment structure is similar to 
the NUREG-1150 reference plant, Zion Unit 1 [16]. IP3 is similar to Zion in that both are 
large dry containments (with volumes of about 2.6 x 106 ft3) with approximately the same 
thermal power ratings (IP3--3025 MW, Zion--3250 MW). The containment failure results for 
both plants are very similar: 

Conditional Probability IP3 Zion Unit 1 

No containment failure 70% 72% 
Late containment failure 24% 25% 
Early containment failure 
or bypass 6% 3% 

The difference in conditional probabilities of early containment failure was attributed to a 
more realistic modelling of containment bypass initiators, steam generator tube ruptures and 
outside containment LOCAs in this study--the combined frequencies of these two initiators 
were 1.5 x 10 6/year for Zion Unit 1 and 2.1 x 106/year for IP3.
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4.9 SENSITIVITY ISSUES AND INSIGHTS

4.9.1 INTRODUCTION 

In the containment event tree (CET) analysis, split fractions were used to define the 
probability that a given event outcome occurs under conditions specified in the case structure 
of the CET. The development of the split fractions is documented in Appendix M. To 
determine the sensitivity of the anticipated containment response to the values of uncertain 
parameters and the impact that differing outcomes for several important events might have on 
the radionuclide releases, sensitivity analyses were performed. The analyses follow the 
guidance presented in Appendix 1 to Generic Letter, No. 88-20 [1] and Appendix A of 
NUREG-1335.  

These sensitivity analyses were limited to assessing the effects of individual parameters. The 
effect of combinations of uncertain parameters (e.g., in-vessel hydrogen generation and core 
relocation phenomena) were considered to be beyond the scope of this IPE. This section 
discusses the sensitivity analyses.  

4.9.2 METHODOLOGY 

The sensitivity analysis entailed identifying uncertain parameters and assessing the sensitivity 
of the predicted radiological source term to the values of uncertain parameters.  

The methodology used to perform each step will now be described.  

Identifying Uncertin' Parameters. Generic Letter No. 88-20 [1] and NUREG-1335 [2] list 
parameters identified in past PRA studies as being important. The first step in performing the 
sensitivity assessment in this study was to examine these parameters, and assess their potential 
importance in the 1P3 containment response model, and attempt to identify additional 
parameters that could significantly affect the results. Tables 4.9.2.1 to 4.9.2.3 list the results 
of this examination and identify the parameters selected for sensitivity analyses.  

Assessing the Effect of Uncertain Parameters. The effect of uncertain parameters on the 
predicted source term was calculated for each sensitivity case assuming split fractions of [0,1] 
and [1,0] for the containment event tree basic events listed in Table 4.9.2.3. The calculated 
vessel and containment failure and release category frequencies were then compared to the 
base case for each plant damage state (PDS) group. The results are listed in Section 4.9.3.  
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Table 4.9.2.1 

Suggested Parameters for Sensitivity Study 11,2] 

0 Performance of containment heat removal systems during core meltdown accidents 

0 In-vessel phenomena (primary system at high pressure) 

- H2 production and combustion in containment 
- Induced failure of the reactor coolant system pressure boundary 
- Core relocation characteristics 
- Mode of reactor vessel melt-through 

0 In-vessel phenomena (primary system at low pressure) 

- H2 production and combustion in containment 
- Core relocation characteristics 
- Fuel-coolant interactions 
- Mode of reactor vessel melt-through 

0 Ex-vessel phenomena (primary system at high pressure) 
- Direct containment heating concerns 
- Potential early containment failure due to pressure load 
- Long-term disposition of core debris (coolability) 

0 Ex-vessel phenomena (primary system at low pressure) 

- Potential early containment failure--direct contact by core debris 
- Long-term core-concrete interaction (water availability/coolability)
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Table 4.9.2.2

Additional Parameters for Sensitivity Study

4-167

Parameter IReason for Inclusion 

RCS depressurization Depressurization may eliminate the potential for RCS 
breach in sequences in which debris is cooled in
vessel and the potential for containment failure 
because of direct containment heating.  

In-vessel debris coolability Cooling of the debris in-vessel can significantly 
reduce the environmental source term.  

Containment failure because of ex-vessel A pressure pulse sufficient to fail the containment 
fuel-coolant interactions would likely rupture and give a large source term.  

Rocket event A rocket event would rupture the containment and 
increase the source term.  

Recirculation spray operation Spray operation in recirculation mode removes 
containment heat and provides significant fission 
product scrubbing--it lowers both containment loads 
and the source term.



Table 4.9.2.3 

Parameters Selected for Sensitivity Analysis 

Sensitivity CET Basic EventsChanged Description 
Case 

2/3 DP_PORV_I Operator always/never depressurizes RCS using PORVs during early core 

DP PORV_2 damage.  

4/5 HLSLI An RCS hot leg/pressurizer surge line failure is always/never induced early for 

HLSL 2 high/medium RCS pressure sequences.  

6/7 VF Debris is always cooled in-vessel given no Alpha, no vessel failure prior to core 
HEATTRANSEX damage, CHR is available, and coolant is present/debris is never cooled in-vessel.  

8/9 ALPHA Alpha event always/never occurs given in-vessel fuel coolant interaction.  

10/11 FCIIV_1 A fuel coolant interaction always occurs given core slump/a fuel coolant 

FCIIV_2 interaction never occurs.  

FCI IV_3 

12/13 CFEBURN_1 A hydrogen deflagration always/never fails containment.  

CFEBURN_2 

CFEBURN_3 

CFEBURN_4 

CFLBURN_I 

CFLBURN_2 

CFLBURN_3 

CFE@VFI 

CFE@VF_2 

CFE@VF_3 

CFE@VF_4 

CFE@VF_5 

CFE@VF_6 

CFE@VF_7 

CFE@VF_8 

CFE@VF_I I 

CFE@VF_12 

CFE@VFI3 

CFE@VF_14 

CFE@VFI7 

CFE@VF_18 

14/15 QUENCH_1 Debris is always/never quenched ex-vessel if water is present.  

QUENCH_2 

16/17 DISPERSAL Debris is always/never cooled by dispersal because of ALPHA, FCI, or HPME.  

18/19 DCH DCH aways occurs given HPME /DCH never occurs.  

20/21 FCI_EX An ex-vessel fuel coolant interaction always occurs given that the core slumps 
and relocates into a wet reactor pit/ex-vessel fuel coolant interaction never occurs.  

22/23 ROCKET The vessel always acts as a rocket and fails containment given gross lower head 
failure at high RCS pressure/vessel never acts as a rocket and fails containment.  

24/25 SPRAYLATE_1 Containment spray operation in recirculation mode always/never occurs given a 

SPRAYLATE2 demand and no early containment failure.
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4.9.3 RESULTS

The results of the sensitivity analysis are presented in Table 4.9.3.1 and 4.9.3.2. The tables 
show the percentage change in containment failure, vessel failure, and release category from 
the baseline case.  

There were six parameters to which containment failure, vessel failure or release category are 
sensitive--the parameters that changed containment failure, vessel failure or release category 
percentages by more than 1 percent are: 

M Case 4/5: An RCS hot leg/pressurizer line failure is always/never induced at 
high/medium pressure 

a Case 6/7: Debris is always cooled in-vessel given no Alpha event, no vessel failure 
prior to core damage, CHR is available, and coolant is present/debris is never cooled 
in-vessel 

0 Case 12/13: Hydrogen deflagrations always/never fail containment 

M Case 14/15: Debris is always/never quenched ex-vessel if water is present 

0 Case 22: The vessel always acts as a rocket and fails containment given gross lower 
head failure at high RCS pressure 

0 Case 25: Containment sprays never operate in recirculation mode given a demand and 
no early containment failure.  

Each of these parameters is discussed below.  

Case 4/5: Induced RCS hot le/pressurizer line failure. A failure of the RCS hot 
leg/pressurizer surge line before vessel failure will result in a low RCS pressure reducing the 
likelihood of high RCS pressure core-melt progression phenomena--an intact RCS increases 
the potential for high pressure phenomena. In sensitivity case 4, it was assumed that failure 
always occurs and thereby eliminates all high pressure sequences. This assumption reduces 
the frequency of vessel failure by approximately 2 percent. In contrast, sensitivity case 5, 
assumes that failure never occurs and increases the number of high pressure sequences. This 
assumption increases the predicted frequency of vessel failure by approximately 2 percent.
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Case 6/7: In-vessel debris coolability. In-vessel debris coolability precludes vessel 
failure. In sensitivity case 6, it was assumed that the debris is always cooled in-vessel 
provided that coolant is present, CHR is available, no Alpha event has occurred and the vessel 
did not fail prior to core damage. The results show an approximate 11 percent decrease in 

'vessel failures.  

Sensitivity case 7 assumes that the debris is never cooled in-vessel. An approximate 12.5 
percent increase in vessel failures results.  

Although the results of the sensitivity study for in-vessel debris coolability behave much as 
expected by changing the number of vessel failures, there was no corresponding change in the 
containment failure probabilities--containment failure at IP3 is unlikely because: 

M Containment strength is high compared to expected loads 

0 Late containment heat removal prevents late failure for many sequences 

* Low vessel pressures at vessel breach prevents early failures for many sequences.  

'Case 12/13: Hydrogen deflagrations. The probability of containment failure because of 
a hydrogen bum depends on the type of bum that occurs (diffusion, deflagration, or 
.detonation) and the resulting containment pressure. The containment event tree assumes that 
detonations always fail the containment. Sensitivity case 12 assumes that deflagrations also 

lways fail containment. This assumption produces a 8 percent rise in early containment 
, ruptures, a 4 percent rise in late containment ruptures, and a 6 percent decrease in both no 
containment failures and late containment leaks. A corresponding change occurs in the 
release category, with a 9 percent increase in early releases (including a 5 percent increase in 
early-high) and a 9 percent decrease in late and no failure releases.  

Sensitivity case 13 assumes that deflagrations never fail containment. This assumption 
decreases late ruptures by 2 percent and increases late leaks by 2 percent but has only a small 
effect on release category. This result is to be expected since the source terms produced by 
.late ruptures and late leaks do not differ greatly (long residence times in the containment 
overwhelm the effects of failure size).  

Case 14/15: Debris quenching ex-vessel. Debris ex-vessel cannot be cooled if the 
,debris is not first quenched and a long term supply of water is present. Cooled debris will 
prevent CCIs, thereby decreasing the pressure and temperature loads on the containment.  
Sensitivity case 14 assumes that the debris is always quenched given that water is present.  
.This assumption causes a 2 percent decrease in late containment failures and a corresponding 
2 percent increase in no containment failures. A similar 2 percent decrease in late low
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releases and a 2 percent increase in no containment failures are also observed.  

Sensitivity case 15 assumes that the debris is never quenched. The results indicate a 4 percent 

increase in late failures and a decrease of 5 percent in no containment failures. Similar results 
are observed in the release category percentages.  

Case 22: Vessel acts as a rocket. The conditions necessary for the vessel to act like a 

,rocket include gross failure of the lower head at high vessel pressure. Sensitivity case 22 

.assumes that when these conditions occur, a vessel rocket will always result. A rocket event 

is assumed to always cause early containment failure. The results show a 1 percent increase 
in the percentage of early containment ruptures and a 1 percent decrease in the percentage of 

no containment failures. The release category results also show a 1 percent increase in the 

number of early high releases (which are caused by early ruptures) and 1 percent decrease in 
the number of no containment failures.  

Case 25: Late containment spras. The operation of late. containment sprays in the 

recirculation mode following vessel breach can provide significant scrubbing of airborne 
"fission products. Sensitivity case 25 assumes that the sprays never operate in recirculation 

.,mode late in the accident. The results show that the release category percentages have a 2 

percent increase in the number of late medium releases and a corresponding 2 percent 
decrease in the number of late low releases.  

Containment failure was not affected by this sensitivity run. Late containment failure is 
assumed to be a function of energy deposited into the containment and the presence of 
containment heat removal late in the accident.
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Table 4.9.3.1

Sensitivitv Results for Containment/Vessel Failure 

Percentage Change from Baseline Case

( ] Description nF UF[-ILeak CFE-Rupt ('FI -Leak [(FL-Rupt n V VF 

- Operator attempts to depressurize RCS on demand. -0.01 005 0.00 -0.03 -0.01 0.50 050 

3 Operator does not depressurizes RCS on demand. 0.04 -0.05 0.00 0.00 0.00 -0.12 0 12 

4 RCS hot leg/pressurizer surge line failure. -0.18 -0.10 0.02 0.18 0.07 2.26 -2.26 

5 RCS hot leg/pressurizer surge line remains intact -0.71 0.18 0.03 0.42 0.08 -1.97 1.97 

6 In-vessel debris coolability occurs, 0.09 -0.02 0.00 -0.06 -0.01 10.88 -10.88 

7, - No in-vessel debris coolability. • . .- 0.24 .-. 0.01 0.00 . 0.25 -0.01 -12.53 12.53 

8 An ALPHA event always occurs. -0.02 0.00 0.02 0.00 0.00 0.00 0.00 

9 An ALPHA event never occurs. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

10 A FCL always occurs given core slump. -0.07 0.00 0.16 -0.07 -0.02 0.00 0.00 

& A FCL never occurs. -0.05 0.01 0.00 0.04 0.00 0.00 0.00 

H2 deflagrations always fail containment. -5.98 0.48 8.23 -6.48 3.74 0.00 0.00 

13 H2 deflagirations never fail containment. 0.05 -0.16 -0.17 1.93 -1.65 -0.03 0.03 

14 Debris is always quenched ex-vessel if H20 is present. 2.14 -0.01 0.01 -1.97 -0.17 -0.13 0.13 

15 Debris is never quenched ex-vessel if H2O is present. -4.33 0.02 0.01 4.13 0.18 -0.03 0.03 

16 Debrisis always cooled by dispersal. -0.35 0.01 .0.02 . 0.36 -0.03 -0.10 0.10 

17 Debris is never cooled by dispersal. -0.08 0.02 0.01 0.05 0.00 -0.03 0.03 

18 DCH always occurs given HPME. -0.31 0.09 0.08 0.17 -0.03 -0.07 0.07 

19 DCH never occurs given HPME. -0.25 -0.05 -0.06 0.32 0.04 -0.07 0.07 

20 Ex-vessel FCL always occurs given wet reactor pit. 0.01 0.00 0.00 -0.01 0.00 0.00 0.00 

21 EX-vessel never occurs. 0.01 0.00 0.00 -0.01 0.00 0.00 0.00 

22 Rocket always occurs that fails containment. -0.97 -0.02 1.40 -0.38 -0.03 0.00 0.00 

23 Rocket never occurs. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

24 Containment recirculation sprays always operate. 0.01 -0.01 0.00 0.00 0.00 -0.03 0.03 

25 Containment recirculation sprays never operate. 0.01 -0.01 0.00 0.00 0.00 -0.03 0.03 
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Table 4.9.3.2

Sensitivity Results for Release Category 

Percentage Change from Baseline Case

Case II Description L-Low I L-mLow [ L-Ned E-Low E-mLow [ E-Med [ E-mHi E-Hi nCF 

2 Operator attempts to depressurize RCS on demand. -0.03 0.00 -0.01 0.00 0.00 0.04 0.02 0.00 -0.01 

3 Operator does not depressurizes RCS on demand. 0.01 0.00 0.00 0.00 0.00 -0.02 -0.03 0.00 0.04 

4 RCS hot leg/pressurizer surge line failure. -0.16 -0.02 0.44 -0.01 0.00 -0.08 0.00 0.01 -0.18 

5 RCS hot leg/pressurizer surge line remains intact 0.17 0.03 0.30 0.02 0.00 0.19 -0.03 0.03 -0.71 

6 In-vessel debris coolability occurs. -0.09 0.00 0.02 0.00 0.00 -0.01 -0.01 0.00 0.09 

7 No in-vessel debris coolability. 0.15 0.00 0.10 0.01 0.00 0.00 0.00 0.00 -0.24 

8 An ALPHA event always occurs. 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 -0.02 

9 An ALPHA event never occurs. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

10 A FCL always occurs given core slump. -0.01 0.00 -0.08 0.00 0.00 0.01 0.01 0.14 -0.07 

II A FCL never occurs. 0.00 0.00 0.04 0.00 0.00 0.00 0.01 0.00 -0.05 

12 H2 deflagrations always fail containment. 0.12 0.00 -2.86 0.47 1.29 2.08 0.33 4.54 -5.9 

13 H2 deflagrations never fail containment. -0.11 0.00 0.40 -0.01 0.00 -0.15 0.00 -0.17 0.05 

14 Debris is always quenched exvessel if H20 is' present. -1.80 0.00 -0.34 0.00 0.00 0.00 -0.01 0.00 2.14 

15 Debris is never quenched ex-vessel if H20 is present. 3.64 0.00 0.67 0.00 0.00 0.02 0.00 0.00 -4.33 

16 '-' 'Debris is 'always'co61ed b6 dis peisal. -4) -0.02 0.87 • -0.53 0.00 0.00 0.07 0.01 -0.06 -0.35 

17 Debris is never cooled by dispersal. 0.00 -0.02 0.08 0.00 0.00 0.01 0.01 0.01 -0.08 

18 DCH always occurs given HPME. -0.01 0.01 0.14 0.01 0.00 0.08 0.00 0.07 -0.31 

19 DCH never occurs given HPME. -0.01 0.02 0.35 0.00 0.00 -0.05 0.00 -0.06 -0.25 

20 Ex-vessel FCL always occurs given wet reactor pit. 0.00 0.00 -0.01 0.00 0.00 0.00 0.00 0.00 0.01 

21 EX-vessel never occurs. 0.00 0.00 -0.01 0.00 0.00 0.00- 0.00 0.00- 0.01 

22 Rocket always occurs that fails containment. -0.03 0.00 -0.39 0.00 0.00 -0.02 0.00 1.40 -0.97 

23 Rocket never occurs. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

24 Containment recirculation sprays always operate. 0.10 0.00 -0.10 0.00 -0.00 -0.01 0.00 0.00 0.01 

25 Containment recirculation sprays never operate. -1.80 0.00 1.80 -0.01 0.00 0.00 0.00 0.00 0.01
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4.9.4 SUMMARY OF SENSITIVITIES AND INSIGHTS

Sensitivity studies were performed for twenty five parameters about which there is 
considerable uncertainty. All plant damage states were examined in the sensitivity studies.  
The studies themselves focused on the impact that changes in the occurrence or outcome of 
each issue might have on the likelihood of vessel failure, the likelihood, timing, and location 
,of containment failure, and source term release magnitude.  

;The sensitivity studies showed that only a limited number of the sensitivity parameters had 
other than a marginal impact. This is not unanticipated because containment failure is 
unlikely at IP3.  

4.10 SUMMARY AND CONCLUSIONS 

A containment performance analysis was performed. This analysis entailed: 

N Identifying plant damage states that characterize the RCS, containment, and core
--cooling systems at the start of core damage 

0 "Modeling the thermal-hydraulic behavior of the RCS and containment and in- and ex
, ,essel fission product behavior as the accident progresses for each of the plant damage 
3state 

N Characterizing containment failure modes 

m Developing and quantifying a containment event tree for each plant damage state 
group 

* Characterizing radionuclide releases by defining a specific source term for each 
containment event tree end state found to have a significant frequency 

0 Performing sensitivity studies to evaluate the effects on containment performance of 
changes in phenomena and changes to plant hardware and operating procedures.  

The following conclusions were drawn from the containment performance analysis: 

E The results are very similar to those derived for Zion (Table 4.10.1.1).
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No unique containment failure mechanisms were identified or extremely high 
containment failure frequencies found (Table 4.10.1.2).  

Containment failure is unlikely because of its strength.  

Late containment failure is more probable than early containment failure 

(Figure 4.10.1.1).  

* Late containment failure is only likely if late containment heat removal does not 
operate or long-term core-concrete interactions melt through the containment basemat.  
Late containment failures are evenly distributed between late containment overpressure 
and basemat melt-through failures.  

* Early containment failures are primarily the result of bypass sequences in which the 
accident initiator causes containment bypass.  

* Breach of the containment pressure boundary is expected to be controlled by the 
containment liner tearing in the vicinity of the main steam and feedwater penetration 
as a result of interference forces transferred through pipe penetrations.  

* No extremely high early or late release category frequencies were found (Table 
4.10.1.3).  

* Because the dominant containment end states are no or late containment failure, the 
resulting dominant source terms are late releases (Figure 4.10.1.2). Because water and 
late sprays are likely to be available, these releases will be medium (0.01 to 0.1 of the 
total cesium and tellurium fractions) or low (104 to 0.01 of the total cesium and 
tellurium fractions) in magnitude.  

* While plant damage states initiated by transients dominate the total core damage, late 
radionuclide releases (Figure 4.10.1.3) are dominated by accident progressions initiated 
by SBO events induced by a non-recoverable internal flood, or a loss-of-offsite power 
SBO with no ac power at core damage. These progressions result in late containment 
failures and significant core-concrete interactions.  

* The containment performance analysis demonstrated that early radionuclide releases 
(Figure 4.10.1.4) were dominated by SGTR and V-sequence progressions. However, 
the most probable early release category is dominated by SGTR progressions with 
medium-high or medium releases. Early high releases are unlikely and can be caused 
only by V-sequence progressions.
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Comparison
Table 4.10.1.1 

of Containment Failure Mode Frequencies

Containment Failure IP3 IPE IPPSS IP2 IPE Zion 
Mode [4] [31 [76] 

No Containment Failure 2.70 x 10-' 1.24 x 10-4  2.65 x 105 2.47 x 10 -4 

Late Containment Failure 9.48 x 10-6 4.93 x 10-7  2.82 x 10-6 8.11 x 10-' 
Basemat Melt-through 4.17 x 10.6 NA NA NA 
Steam/NG overpressure 4.39 x 10-6 NA NA NA 
Hydrogen bums 9.11 x 10-7  NA NA NA 

Bypass*** 2.15 x 10.6 2.17 x 106 1.94 x 10-6 1.51 X 10-6 

SGTR with SOV 6.10 x 10-' NA 3.73 x 10-7  1.40 x 10-6*....  

SGTR without SOV 1.21 x 10-6 NA 1.54 x 10-6**. NA' 

Induced SGTRs 8.86 x 10.' NA NA NA 
Interfacing LOCA 2.45 x 10-7  5.70 x 10-7  2.68 x 108 1.10 X 10-7*....  

Early Containment Failure 2.74 x 10-7  1.92 x 10-9  4.12 x 10"' 4.73 x 10-6 

Steam-Explosion 4.12 x 10-' NA 1.68 x 1010 NA 
ALPHA 3.92 x 10-' NA NA NA 
ROCKET 1.97 x 10-  NA NA NA 

Containment isolation 7.16 x 10-9  NA 1.47 x 10' NA 
Hydrogen bums 7.80 x 108 NA NA NA 
Vessel overpressure 1.85 x 10-7  NA NA NA 

Ex-vessel FCI ;0 NA NA NA

Value reflects total contribution of SGTR and interfacing LOCAs 

Includes contribution from SGTR initiating events and high temperature induced SGTRs.  

Reference [7]
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Table 4.10.1.2 

Containment and Vessel Failure Frequency

Mode SBO TRANS LOCAS VSequ SGTR TOTAL 

Flood LOSP 

Induced Induced Large Medium Small Large Small SORV nSORV 

nCF 1.56E-09 2.42E-06 1.35E-05 9.42E-06 6.02E-07 1.03E-06 0 0 0 0 2.70E-05 

CFE-Leak 9.54E-08 2.88E-08 2.18E-08 3.92E-09 1.02E-09 2.56E-09 0 0 0 0 1.54E-07 

CFE-Rupt 8.13E-08 2.42E-08 9.14E-09 2.57E-09 2.84E-10 2.16E-09 0 0 0 0 1.20E-07 

CFL-Leak 4.95E-06 1.13E-06 1.54E-06 5.04E-07 1.02E-07 3.43E-07 0 0 0 0 8.57E-06 

CFL-Rupt 6.88E-07 2.21E-07 0 0 0 0 0 0 0 0 9.09E-07 

Bypass 1.22E-08 6.98E-09 6.71E-08 0 0 2.29E-09 3.40E-08 2.11E-07 6.1OE-07 1.21E-06 2.15E-06 

nVF 0 7.42E-07 1.76E-06 2.07E-06 1.10E-08 1.07E-07 0 0 0 0 4.69E-6 

VF 5.82E-06 3.09E-06 1.34E-05 7.86E-06 6.94E-07 1.27E-06 3.40E-08 2.1 IE-07 6.10E-07 1.21E-06 3.42E-5 

Table 4.10.1.3 
Release Category Frequency 

Release SBO TRANS LOCAS VSequ SGTR TOTAL 
Category 

Flood LOSP 

Induced Induced Large Medium Small Large Small SORV nSORV 

L-Low 0 1.40E-07 3.31E-07 2.34E-07 2.07E-08 1.34E-08 0 0 0 0 7.39E-07 

L-mLow 2.66E-08 5.21E-09 8.2 1E-09 0 7.30E-10 3.62E-10 0 0 0 0 4.11 E-08 

L-Med 5.61E-06 1.21E-06 1.20E-06 2.69E-07 8.05E-08 3.29E-07 0 0 0 0 8.70E-06 

L-mHigh 0 0 0 0 0 0 0 0 0 0 0 

L-High 0 0 0 0 0 0 0 0 0 0 0 

E-Low 0 6.69E-09 5.57E-09 1.31E-10 3.19E-10 4.26E-I1 0 0 0 0 1.27E-08 

E-mLow 0 3.12E-09 1.02E-09 1.19E-09 0 4.20E-11 0 0 0 0 5.36E-09 

E-Med 1.10E-07 3.08E-08 8.51E-08 3.OOE-09 7.02E-10 5.43E-09 0 2.11 E-07 0 1.21E-06 1.65E-06 

E-mHigh 9.75E-10 4.52E-10 1.29E-09 9.76E-10 0 2.99E-10 0 0 6.10E-07 1.65E-1 1 6.14E-07 

E-High 7.80E-08 1.89E-08 5.09E-09 1.19E-09 2.84E-10 1.20E-09 3.40E-08 0 8.42E-1 1 0 1.39E-07 

nCF 1.56E-09 2.42E-06 1.35E-05 9.42E-06 6.02E-7 1.03E-06 0 0 0 0 2.70E-5

4-177



Figure 4.10.1 
Containment Failure Summary 
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*Includes Containment Bypass Failure



Figure 4.10.2 
Radionuclide Release Category Summary 
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Figure 4.10.1.3 
Conditional Probability of Late Radionuclide Releases
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Figure 4.10.1.4 
Conditional Probability of Early Radionuclide Releases 
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* The likelihood of more than 20 percent of the core melting is high for all plant 
damage states. The principal causes are failure to restore early in-vessel injection, the 
occurrence of an SBO induced by a non-recoverable internal flood or a loss-of-offsite 
power SBO with no ac power at core damage. Because of the likelihood of core melt, 
vessel failure is likely.  

* Vessel penetration failure is more likely than gross vessel failure in all plant damage 
states.  

* Gross failure of the vessel lower head prior to core damage is unlikely. The sole 
cause of this event would be a main steamline break accompanied by subsequent 
pressurized thermal shock that fails the vessel.  

* The likely predicted RCS break size is either small or no break. However, for the 
LOCA plant damage state group, a large RCS break is likely.  

* The probability of a stuck-open pressurizer PORV/SRV prior to core damage is low.  
Consequently, accident progressions involving stuck-open pressurizer relief valves are 
not significant.  

* The most probable SGTR progressions involve no stuck-open steam generator SRVs.  

SGTR progressions with and without a stuck-open steam generator SRV differ 
significantly--the fission product releases are significantly larger when a steam 
generator SRV sticks open than when the secondary-side remains closed to the 
atmosphere.  

* Although RCS pressure prior to core damage is above the 2350-psia PORV setpoint, 
RCS pressure at vessel failure is most probably below the PORV setpoint. The 
principal causes of low RCS pressures following an initially high RCS pressure were 
found to be high temperature induced failure of an RCS hot leg or pressurizer surge 
line and a PORV sticking open or being manually opened from the control room. The 
lower RCS pressures result in reduced loads on the containment at vessel failure.  
Subsequently early containment failure is less probable.  

* Operation of late containment spray in the recirculation mode following vessel failure 
will provide significant scrubbing of airborne fission product, and thus lower the 
environmental source term.
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Section 5

UTILITY PARTICIPATION AND INTERNAL 
REVIEW TEAM 

5.1 IPE PROGRAM ORGANIZATION 

An important feature of the IPE is the involvement of the utility's staff in all aspects of the 
examination. This, the NRC believes, will benefit the utility by facilitating integration of the 
knowledge gained from the examination into operating procedures and training programs.  
The involvement of New York Power Authority staff was achieved by: 

0 Having New York Power Authority staff manage the IPE and perform the bulk of the 
examination and, in particular, the event tree, system fault tree, human reliability, data 
analyses, accident sequence quantification, uncertainty analyses and most of the 
containment performance analysis.  

* Having utility engineers who are intimately familiar with design, controls, procedures 
and system configurations participate in the analysis as well as in the technical review.  

E Formally including an independent in-house review to ensure the accuracy of the 
documentation packages and to validate both the IPE process and its results. This 
independent review is addressed in Sections 5.2 and. 5.3.  

0 Having plant staff review all insights gathered and recommendations made in the 
study.  

E Ensuring that staff are well trained in all technology and methodologies relevant to this 
examination.  

As a result, New York Power Authority staff: 

0 Examined and understood the plant emergency operating procedures, design, 
operations, maintenance, and surveillance tests to develop potential severe accident 
sequence models for the plant 

0 Quantified the expected accident sequences 

E Determined the leading contributors to core damage and unusually poor containment 
performance



0 Identified proposed plant improvements for the prevention and mitigation of severe 
accidents 

M Examined each of the proposed improvements, including design modifications as well 
as changes in maintenance, operating and emergency operating procedures, surveillance 
tests, staffing, and training programs 

M Identified which of the proposed improvements will be considered for implementation.  

While this IPE was conducted primarily by NYPA staff, outside consultants reviewed work 
completed by utility staff and provided particular expertise in specific areas, such as 
containment event tree development and quantification.  

The staff responsible for conducting this IPE are identified in Table 5.1.1.1; a partial listing 
of relevant courses, workshops, and seminars staff have attended is presented in Table 5.1.1.2; 
staff participation in activities related to IPEs is described in Table 5.1.1.3.



* Table 5.  

IPE Program. C 

Task 

Direction and Management 

Accident sequence delineation and quantification 

Systems analysis 

Thermal-hydraulic analyses 

Plant specific data analysis 

Human error data analysis 

Common cause data analysis 

Internal flooding analysis 

* Vulnerability, decay heat removal, 
and USI and GSI screening 

Binning 

Containment failure characterization 

Containment event trees 

Radionuclide release characterization 

Insights and recommendations

1.1.1 

)rganization 

Primary Responsibility 

NYPA 

NYPA-NSA 

NYPA-NSA 

NYPA-NSA 

NYPA-NSA/NUS 

NYPA-NSA 

NYPA-NSA 

NYPA-NSA 

NYPA-NSA

NYPA-NSA 

NYPA-NSA/EQE 

SAIC/NYPA-NSA 

SAIC/NYPA-NSA 

NYPA-NSA

Review 

NYPA/NUS 

NYPA/NUS 

SAIC/NYPA 

NYPA 

NUS/NYPA 

NUS/NYPA 

RRG/NYPA 

NYPA/NUS 

SAIC/NYPA 

SAIC/NYPA 

NYPA 

NYPA 

NYPA

NYPA -- New York Power Authority staff 
NYPA-NSA -- NYPA Reactor Engineering (Nuclear Systems Analysis) Group staff 
EQE -- EQE staff 
NUS -- NUS Corporation staff 
RRG -- Risk Research Group staff 
SAIC -- SAIC Albuquerque staff



Table 5.1.1.2 

Training, Seminars and Workshops, 
Attended by NYPA Nuclear Systems Analysis Staff

Course 

System Reliability Engineering 

SETS Computer Code 

HRA in Engineered Systems Analysis 

Reliability Engineering, Testing, 
and Maintainability Engineering 

CAFTA Code Training Course 

GO Modeling 

RISKMAN Computer Code 

SETS/SEP Code Applications 

Advanced Fault Tree Modeling 

PRA Seminar and Workshop 

Data Analysis Training Course 

PRA Management Training Course 

Root Cause Analysis 

PRA Fundamentals Training Course

Date(s) 

6/81 
6/83 

7/82 

6/83 

10/86 

12/86 
& 11/93 
12/86 

4/87 

5/87 

6/87 

2/88 

5/88 

6/88 

6/88 
& 8/92 

7/88

Sponsor 

JBF Associates 

Sandia National 
Laboratories 

JBF Associates 

NY Polytechnic 

SAIC 

EPRI/EI 

PL&G 

EI 

El 

Westinghouse 

SAIC 

El 

EG&G/FPI 

El



Table 5.1.1.2 (Continued) 

Training, Seminars and Workshops, 
Attended by NYPA Nuclear Systems Analysis Staff

Course 

Workshop on Risk-Based Tech Specs 

INPO Training on CFAR (NPRDS) 

Workshop on Common-Cause Failures 

SETS Code Training Course 

IPE Workshop 

PRA Short Course 

Workshop on HRA,

Date(s) 

9/88 

9/88 

12/88 

12/88 

2/89 

4/90 

7/90

Sponsor 

EPRI/Battelle 

INPO 

EPRI 

El 

NRC 

PLG 

EPRI



Table 5.1.1.3 

Participation in Industry IPE Activities 
by NYPA Staff

Activity 

EPRI Systems Analysis Forum 

NUMARC/EPRI Severe Accident Meeting 
SAM Workshop 

NUMARC Joint Owners Group Accident 
Management Advisory Committee 

EPRI Nuclear Safety Technology 
Task Force Risk and Reliability Subcommittee 

BWROG Meetings 
Risk Assessment Issues/IPE 
Severe Accident Evaluation Committee 

Inter-RAM Conferences 

EPRI Risk/Reliability Workstation Users Group

Date(s) 

1987 - present/continuing 

1989 

1990 

1990 - present/continuing 

1988 - present/continuing 

1989 - present/continuing 

1994 - present/continuing



O 5.2 COMPOSITION OF THE INDEPENDENT REVIEW TEAM 

The methodology, data, results, and conclusions of this study were reviewed at several levels: 

m NYPA Reactor Engineering (Nuclear Systems Analysis) Group staff and consultants 
examined each other's work at each stage of development. These reviews focused on the 
accuracy and consistency of areas of specialized expertise: event trees and system fault 
trees, thermal-hydraulic calculations, human reliability assessment, common-cause 
failures, data analysis, internal flooding analysis and accident sequence quantification 
results.  

" NYPA staff from the engineering department reviewed the internal flooding and 
containment performance analyses.  

* Cognizant departments at IP3--assessment, licensing, operations, maintenance, training, 
instrumentation and control, and technical services--reviewed the system work packages 
and major accident sequences at a formal site review. They also reviewed the human 
reliability and data analysis and insights and recommendations derived from the study.  

" A. formal, independent, review was made of the draft final report.  

The independent review committee comprised both NYPA staff and three prominent outside 
experts: 

NYPA Staff.  

" Herschel Specter--Technical Advisor to the Executive Vice President, Nuclear Generation 
(Chairman of the Review Committee) 

As chairman of the independent review committee, Mr Specter coordinated the overall 
review and prepared a final report.  

" Charles Caputo--Senior Technical Advisor, IP3 

Mr Caputo's review focused on ensuring that systems, operating procedures, plant 
response to initiating events, subtle dependencies, accident sequence definitions, internal 
flooding and unique safety features were portrayed accurately. He also reviewed the 
insights, recommendations and conclusions of the study.  

" M. V. Garofalo--Senior Quality Engineer/Technical Advisor 

Mr Garofalo's review addressed conformance with the NRC guidelines for the 
development of the IPE.



m Ken Vehstedt-- Senior Engineer

Mr Vehstedt examined the accident sequence- delineation and quantification and the 
containment performance analysis. He also examined unresolved safety issues, insights, 
recommendations and conclusions of the study.  

Outside Consultants.  

" Dr. James Fulford, NUS Corporation 

Dr Fulford focussed on the adequacy and accuracy of the containment performance and 
the overall reasonableness of the results.  

" Dr. William Hannaman, SAIC, Inc.  

Dr. Hannaman validated the human reliability analysis described in the draft report with 
respect to its methodology, adequacy, and accuracy of results.  

" Mr Alan Kolaczkowski, SAIC, Inc.  

Mr Kolaczkowski reviewed the methodologies employed, the fault and event trees, the 
data and internal flooding analyses, the results of sequence quantification, and the 
thermal-hydraulic analyses performed to help determine success criteria. His review also 0 
encompassed an assessment of the reasonableness of the results.



O 5.3 MAJOR COMMENTS AND THEIR RESOLUTION 

The comments of the reviewers were conveyed orally, as mark-ups of the draft report, or in 
detailed reports that addressed individual items in the draft report. These comments and their 
resolution are addressed in this section.  

The reviewers' comments can be characterized as being technical or editorial. Editorial 
comments concerning the presentation of the methodology and results will not be detailed 
here. However, the reviewers' suggestions for changes that would clarify statements and 
make the task of the reviewers and readers easier were adopted for the most part.  

Technical comments were both detailed and general. These comments and their resolution 
will now be discussed. Where several reviewers raised the same issue, it is addressed only 
once in this section.  

Mr Specter--Chairman of the Review Committee 

[1] Figure 14.1-48 of the FSAR depicts reactor coolant system average temperature as a 
function of time, following a loss of normal feedwater with one 400 gpm auxiliary 
feedwater pump delivering water to two steam generators. Under these conditions, a 
rapid rise in the reactor coolant system average temperature is seen, with 600 'F being 
reached in about 850 seconds (14 minutes). There is concern that at such elevated reactor 
coolant temperatures, any subsequent small break or pressure boundary opening will not 
djressurize the primary system water enough to allow the safety injection pumps to 
inject water back into the primary system -- the primary coolant saturation pressure at 
these elevated temperatures would be in the upper pressure range of the safety injection 
pumps.  

What impact on the calculated core damage frequency would such transients have when 
followed by an opening in the primary system boundary when'primary system saturation 
pressure equals or exceeds the safety injection pumps shut off pressure? 

Response: The phenomenon described would appear to be an artefact of conservative 
assumptions in the FSAR. However, a probabilistic analysis was performed to evaluate 
the contribution to the CDF of this scenario, with the premise that it can indeed occur.  
The contribution to the CDF was calculated assuming a turbine trip as the worst case 
initiating event (frequency 3.6/year) and a subsequent small pipe break while RCS 
pressure exceeds the safety injection pump shutoff head (probability 4. 5x10-9). Core 
damage results. The calculated CDF resulting from this scenario is 1. 62x10 8/year - the 
scenario would have no significant impact on the overall CDF.



Mr Caputo--Review of Systems, Operating Procedures, Plant Response to Initiating 
Events, and Subtle Dependencies 

[1] Section 3.1.2, event tree methodology and assumptions. Clarify the definition of core 
vulnerability.  

Response. An expanded definition of this term was provided 

[2] Section 3.1.3.1, loss-of-coolant accidents. Recirculation core cooling will not be required 
in small LOCAs if the charging system functions properly and cold shutdown is achieved.  

Response. The description of LOCA accident progressions was changed to emphasize this 
point. Credit was taken for the charging system in small-small LOCA events.  

[3] Section 3.1.3.1, loss-of-coolant accidents. Containment spray pumps should be included 
for late containment cooling in small-small break LOCAs.  

Response. Thermal-hydraulic calculations show that in the event of intermediate, small 
and small-small LOCAs, operation of the RHR heat exchanger with recirculation cooling 
is sufficient for containment heat removal. In these circumstances, the setpoint for 
initiation of the containment spray system will not be reached.  

Mr Garofalo--Conformance with the NRC guidelines for IPE Development 

Mr Garofalo concluded that the IPE meets the requirements of NRC generic letter 88-20 and 
complies with NUREG- 1335. He did, however, make recommendations relating to document 
and software control. These recommendations have been broadly followed.  

Mr Vehstedt--Review of Accident Sequence Delineation, Quantification, Containment 
Performance Analysis and Unresolved Safety Issues 

[1] Section 3.1.3.1, LOCA event trees. Justify the inclusion of the accumulators in event 
trees and success criteria for intermediate LOCAs and for small LOCAs in which pumped 
flow from SI pumps would reach the core before the RCS pressure falls below the 
accumulator injection pressure.  

Response: Operation of the accumulators is required in intermediate LOCAs where the 
break size is at the high end of the range for that LOCA category. In small break 
LOCAs, operation of the accumulators will gain time for the initiation of low-head safety 
injection should high-head safety injection fail.  

[2] Section 3.1.3.1, LOCA event trees. For small LOCA sequences with high-head safety 
injection failure, operator depressurization cannot be accomplished using secondary-side
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depressurization alone. While rapid secondary-side depressurization could be achieved, a 
single RHR heat exchanger could not remove the decay heat rate over the following 20
hour period.  

Response. Westinghouse calculations show that depressurization will be successful [75].  
Decay heat removal will not pose problems because of the availability of recirculation 
core cooling and secondary-side cooling.  

[3] Section 3.1.3.1, LOCA event trees. Transfer from cold to hot leg injection is not critical 
within the first twenty four hours after a large -break LOCA: given that cold shutdown 
implies an RCS temperature of <200'F and the maximum precipitation temperature of 
20,000 ppm boron is approximately 180 0F, it would be virtually impossible for boron to 
precipitate within the 24-hour mission time of concern.  

Response: This topic is one that Westinghouse continues to investigate. Although the 
comment is probably correct, a conservative approach was taken in the analysis.  

[4] Section 3.1.3.1, Loss-of-offsite power event tree. In the transient initiator assumptions, it 
is stated that the pressurizer safety relief valves will not be required provided a reactor 
scram occurs. I would suggest that they might also be required if the PORVs do not 
open.  

Response: The safety relief valves may indeed be required in those circumstances. The 
piogression of the accident sequence will be unaffected, however, if pressure relief is 
acqomplished by the safety relief valves rather than by the POR Vs.  

[5] Seition 3.1.3.2, transient initiators. The failure of both AFW and HHI systems is given, 
as a prerequisite for the operator to align the condensate system for secondary cooling 
(operator action OCOND). I do not see any reason for this.  

Response: EOPs direct the operator to align condensate immediately should the HHI 
system fail following a loss of AFW. Therefore, the failure of both systems was assumed 
to be required before the operator takes such action. In addition, should the POR Vs fail 
to provide a 'bleed' path, alignment of condensate for secondary cooling is modelled as a 
recovery action.  

[6] Section 3.1.3.2, loss-of-offsite power accident sequences. The discussion of sequence TI
2 gives no credit for operator action to terminate high-head safety injection and initiate 
RHR cooling. Would such an action be considered a recovery action? 

Response: In sequence development, it was assumed that long-term recirculation cooling 
represents a stable state even though RHR cooling might be preferred 
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Dr Fulford--Review of the Adequacy and Accuracy. of the Containment Performance 
and the Overall Reasonableness of the Results 

Dr Fulford concluded that the goals of the IPE had been met, that the overall results were 
reasonable, and that NYPA staff had attained an understanding and awareness of plant 
behavior. Dr Fulford made many helpful comments regarding the description of the 
methodology used and the presentation of the results. He also raised several technical 
questions: 

[1] Section 4.7.2.4, case 2: vessel failure at high or medium vessel pressure. The use of a 
vessel decontamination factor (DF) of 5 for 12 and Cs is not conservative with respect to 
NUREG 1150.  

Response: The values of source term parameters were derived from MAAP calculations 
and other sources in the literature [57] as well as from NUREG 1150 [74]. The vessel 
DFfor 12 and Cs given in NUREG 1150 for the Zion plant was approximately 3.36.  
However, MAAP calculations performed for IP3 gave DFs that ranged from 10 to 15.  
Therefore, the value used in this study lies between the NUREG 1150 value and the value 
suggested by plant-specific MAAP calculations but was closer to the NUREG value.  

[2] Section 4.7. I would like to see a more quantitative discussion of the equivalence of 
tellurium and cesium as source term categorization factors. The actual values used should 
be related to the reactor safety studies for PWRs as these are mentioned in the IPE 

reference document.  

Response: In this study the release fraction of cesium was used as a measure of in-vessel 
releases and tellurium was used as a measure of ex-vessel releases.  

In the Reactor Safety Study [17], the event tree sequences were assigned to nine release 
categories on the basis of the similarities in timing and severe accident progression.  
NSAC-159 [72] adopted a similar method of grouping sequences according to similarities 
in accident progression (e.g., early containment failure). In this study, severe accident 
phenomena were used to define release fractions and decontamination factors so that 
quantitative measures of release could be calculated The timing of release was defined 
relatively. Therefore, the grouping of event tree sequences could be based both on 
release magnitude and timing rather than on similarities in accident progression. That 
said, it must be noted that the methods of grouping sequences give similar results in many 
respects.  

Dr Hannaman--Review of Human Reliability Analysis 

Dr Hannaman concluded that the documentation provided for the human reliability analysis 
was excellent and revealed extremely interesting insights about operations, training and 
procedures. His specific, non-editorial, comments and the response to them areas follows:
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* [1] Section 3.3.2.2. The assumption of a negligible human error probability (HEP) for 
failing to observe valve misalignments that are announced in the control room is good 
provided that the annunciator is reliable. I would suggest using a lower limit for the HEP 
based on annunciator reliability (10'4 to 10.) and the presence of other instruments in the 
control room. Since at least three events relating to loss of control room annunciators 
occurred in U.S. plants in 1993, this simplifying measure will prevent under-assessing 
operator reliability in case of degraded annunciator systems. I assume that no models of 
the annunciator systems were used except in human reliability assessments.  

Response: In this study, a negligible HEP (10
- ) was assessed for failing to observe valve 

misalignments that are annunciated in the control room. While the contribution of 
annunciator unavailability was not explicitly considered in the derivation of this HEP, it 

should be noted that annunciator unavailability only poses a problem should it be 
combined with a failure to restore valves to their correct positions after tests or 
maintenance and a failure of any independent checks or verification. The probability of 
these three failures is indeed negligible.  

A negligible HEP was also assessed in the post-accident human reliability analysis to the 
failure of operators to observe a low-low RWST level having diagnosed a LOCA and 
monitored R WST level. In this instance, however, it should be noted that there are two 
completely independent annunciators and thus the failure of a single annunciator is not 
critical.  

[2] Section 3.3.3.2. While the HEPs for each pre-accident task are in the appropriate range 
for. typical plants, the described method of using generic values from the ASEP HRAP 
and THERP appear to be applied in a less than conservative manner. If the intent is to 
provide site-specific assessments for the human reliability analysis, additional proof is 
needed to demonstrate that the realistic site-specific conditions result in lower HEPs.  

Response: The rationale for the assessment of HEPs using both THERP and the ASEP
HRAP has been detailed in Appendix H and Table 3.3.3.1.  

[3] Section 3.3.3.3. How were post-accident errors of commission that detracted from the 
automatic response handled? 

Response: Extraneous post-accident errors of commission were not modeled 

[4] Appendix H, operator action OAFW2--operator aligns turbine-driven AFW Pump. This 
action is quantified for only one initiating event implying that the actions are independent 
of the initiating event. However, I expect the HEPs associated with this action to differ 
significantly between transient and SBO initiating events. Furthermore, the recovery HEP 
appears to be somewhat optimistic for a field action, that probably involves trouble
shooting to overcome an auto-start failure mode. I would suggest redesignating operator 
action OAFW2 as a rule-based action.  
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Response. The HEP for this action was assessed making ,orsi--case assumptions about 
the time available to perform the action and the level ofstress to which the operators are 
subjected. Regarding the recommendation that operator action OAFW2 be redesignated 
as a rule-based action, it should be noted that, as presently modeled, the action entails 
both a skill-based action, opening the FCVs, and a dynamic action, resetting the turbine 
overspeed trip. This model would seem to be appropriate.  

[5] Appendix H, operator action LTS--long-term shutdown using emergency boration or 
locally tripping the reactor trip breaker/MG Sets. The HEP is at the lower bound of 
typical studies. Furthermore, although the overall HEP for this action seems reasonable, 
it is surprising to see that the HEP for aligning valves is one twentieth of the HEP for 
turning off the MG sets or opening the reactor trip breakers.  

Response.: Long-term shutdown was assumed to be required within 10 minutes of the 
initiating event to prevent the reactor from becoming critical again as the plant cools 
down. While the initiation of emergency boration can be accomplished within two 
minutes from the control room, tripping the reactor trip breakers/MG sets requires 5-8 
minutes with an operator being dispatched to locally open the items. This difference in 
the time required to accomplish the action is the basic cause of the difference in HEPs.  
Furthermore, low dependency was assumed between a failure of the operator to perform 
emergency boration and a failure to locally trip the reactor trip breakers/MG sets.  

[6] Appendix H, operator action MRI--manual rod insertion. The HEP for manual rod 
insertion seems very high compared to the value used in other studies.  

Response: This action is of concern in A TWS events in which manual rod insertion must 
begin within 53 seconds. Manual rod insertion was examined in four simulator sessions.  
In two of these sessions, insertion did not begin within the time allowed The high HEP 
associated with manual rod insertion results from this high probability of a failure to 
begin manual insertion in time, conservative estimates of the probability that the reactor 
is running with the control rods in manual and the probability that they are unavailable 
in auto, and the incorporation of a conservative estimate of the probability of mechanical 
failure in rod insertion within the composite HEP for operation action MRI.  

Mr Kolaczkowski: Review of the Methodologies Employed, the Fault and Event Trees, 
the Data and Internal Flooding Analyses, the Results of Sequence Quantification, and 
Thermal-Hydraulic Analyses Performed to Establish Success Criteria 

[1] LOCA initiating event success criteria. The success criteria for LOCAs sometimes 
call for three accumulators, three RCS cold legs, and three steam generators, etc. At 
other times, they call for four of these components. Does the number of components 
required vary because of the effects and location of breaks?
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Response: Yes. The success criteria were determined by evaluating the requirements 
for early and late core cooling, and early and late containment overpressure control.  
In these evaluations, conservative assumptions, were made about the location and 
consequences of the breaks. For example, in large and intermediate LOCAs, the 
break was assumed to occur in a cold leg loop. Furthermore, it was assumed that 
the contents of one accumulator would discharge through this loop. Similarly, in 
small LOCAs, shutdown cooling using the RHR system was assumed to be impossible 
because the break was assumed to occur in # 32 hot leg piping.  

[2] Throughout the event trees, I found sequences in which I thought it might be possible 
to use low-head pumps following failure of high-pressure cooling and vice versa.  
For example: 

a. Intermediate LOCA event tree, accident sequences 4, 14, 26, 36, 42 and 48.  
Would it not be possible for the operator to align high-head recirculation even if 
he had failed to align low-head recirculation or are you assuming that these 
events are coupled? 

b. Intermediate LOCA event tree, accident sequences 35, 41 and 47. Could you 
revert to high-head cooling to save the core? 

c. Intermediate LOCA event tree, accident sequences 58, 64 and 70. In these 
sequences core damage results from a failure to align high-head recirculation 
cooling after RWST depletion. Given the break size and the fact that this failure 
occurs late in the accident as the system cools down, could not the operator 

initiate low-head recirculation cooling? 

d. Small LOCA event tree, sequences 4, 14 and 26. Same comment as in item 2a.  

e. Small LOCA event tree, sequences 3, 13 and 25. Same comment as in item 2b.  

f. Small LOCA event tree, sequences 56 and 62. Could the operator depressurize 
here and use low-head recirculation to save the core.  

g. Loss of offisite power event tree (Ti initiator), sequences 5, 10, 11, 16 and 17.  
Same comment as in item 2f.  

h. Loss of main feedwater event tree (T2 initiator), sequences 4, 5, 10, 11, 16 and 
17. Same comments as in items 2c and 2f. Also, could the continuation of 
condensate be considered for these scenarios.  

i. Main steam line break inside containment event tree, sequences 9, 10, 15, 16 21 
and 22. Same comments as in items 2c and 2f.  
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j. Main steam line break outside containment event tree, sequences 11, 12, 17, 18 
23 and 24. Same comments as in items 2c and 2f.  

k. Loss of component cooling water event tree, accident sequences 11, 12, 13, etc.  
Same comments as in item 2c apply, especially to sequences in which a seal 
LOCA (and therefore some depressurization) occurs.  

1. Loss of service water event tree, accident sequences 5, etc. Same comments as 
in item 2c.  

m. Loss of 480-Vac bus 5A and 6A event trees, accident sequences 5, 6, 11, 12, 17 
and 18. Comments made regarding items 2c and 2f apply.  

n. Loss of switchgear room cooling event tree, accident sequences 11, 12, 17, 18, 
23 and 24. Comments made regarding items 2c and 2f apply.  

Response: 

a. In the accident sequences mentioned, the failure to align low-head recirculation 
referred to is event OLR: "Operator fails to initiate long-term low-head 
recirculation cooling in time." An encounter with this event presupposes that 
RCS post-LOCA cooldown and depressurization has been successful. Success in 
event OLR implies the manual initiation of long-term low-head recirculation 
cooling through the eight-switch sequence. Failure of the event results from the 
failure of the operators to monitor RWST level, a failure to note an RWST low
low level alarm, or a failure to align and start a recirculation or RHR pump. As 
the alignment of high-head recirculation would require success in these same 
actions as well as others, the initiation of high-head recirculation cooling after a 
failure to establish low-head recirculation is not a viable action.  

b. In intermediate LOCA accident sequences 35, 41 and 47, the recirculation and 
RHR systems are assumed to have failed because of random mechanical faults.  
As a result, both high- and low-head long-term core cooling are unavailable.  

c. In the event tree sequences of concern, it was assumed that secondary cooling 
using the auxiliary feedwater system fails. While this failure would not prevent 
high-head safety injection core cooling (because the break itself leads to RCS 
depressurization below the HHSI shut-off head), AFW system failure precludes 
adequate post-LOCA cooldown. Consequently, it was assumed that low-head 
recirculation is not feasible.  

d As 2a.  

e. As 2b.
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f In the sequences of concern, core damage results from the operator failing to 
align high-head recirculation core cooling after R WST depletion. Given that this 
failure results from operator error and that the same steps are involved in 
recognizing the need to depressurize and initiate long-term low-head 
recirculation cooling, the latter was assumed not to be a viable response here.  

g. In these sequences, failure of the auxiliary feedwater system to remove core 
decay heat through the steam generators was assumed In response to this 
failure, the operator initiates bleed-and-feed cooling. Subsequently, core damage 
results from a failure to initiate high-head recirculation core cooling or the 
failure of the recirculation and RHR systems. However, these causes of the 
failure of high-head recirculation core cooling also result in the failure of low
head recirculation core cooling.  

h. The response to item 2g also applies here. The restoration of condensate flow to 
the dried-out steam generator was considered as a recovery action, 

i~J As 2g.  

k In the accident sequences of concern, core damage was assumed to result from 
the operator failing to initiate long-term high-head recirculation core cooling in" 
time. Given this error and the continued high RCS pressure, the initiation of 
low-head recirculation core cooling is most unlikely. The occurrence of a seal 
LOCA in these sequences does not exacerbate the incident as the operator was 
assumed to have previously opened the POR Vs to reduce reactor pressure and 
then engage in bleed-and-feed cooling.  

1, m, n. As 2g.  

[3] Throughout the event trees, tree development continues whenever both containment 
fan coolers and containment sprays fail following successful early injection. Are you 
sure that there is no early containment failure which might preclude the scenario 
from going on to the recirculation stage, especially in larger LOCAs or in ATWS 
events in which large amounts of energy are dumped rapidly into the containment? 
Have you properly treated the potential effects of the adverse environment on 
continued core cooling? 

Response: The failure of containment fan coolers and sprays to provide early 
containment pressure control in large LOCA and A TWS sequences was considered 
only to define the plant damage state resulting from the core damage accident 
sequence. Their operation or failure will not impact whether core damage occurs.  
In other long-term accident sequence, the failure of recirculation core cooling as a 
result of a temperature rise in the containment and pump cavitation was modeled
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[4] In the ATWS event tree, sequences 6 and 7 should be combined because the failure 
of long-term shutdown ensures core damage and renders high-head injection 
irrelevant.  

Response. In these sequences, a POR V has failed to reclose. High-head injection 
was therefore modeled as a means of replacing lost inventory.  

[5] Support system evaluation--charging or letdown flow. The consequences of a loss of 
charging or letdown flow are not quite identical to those of a turbine trip with 
feedwater initially available (T3 event) because in the T3 tree, credit is taken for the 
charging flow as a means of cooling the RCP seals. The assumption that a loss of 
charging flow is identical to a T3 event is therefore slightly non-conservative.  

Response: RCP seal cooling can also be provided by component cooling water.  
Accordingly, the non-conservatism inherent to the treatment of a loss of charging 
flow as a T3 event will have minimal impact on the core damage frequency.  

[6] Support system evaluation--loss of 6.9-kV buses. The modeling and quantification of 
the loss of main feedwater (T2) event tree allows for the use of condensate pumps to 
provide secondary cooling. To the extent that the loss of a 6.9-kV bus affects a 
portion of the condensate system, treating the loss of a 6.9-kV bus as a T2 event is 
slightly non-conservative.  

Response: Only one of three condensate pumps is required to provide secondary 
cooling should a T2 event occur. Given that each condensate pump is supplied with 
power from a different bus, the loss of one 6.9-kV bus will have a minimal impact on 
the core damage frequency.  

[7] Support system evaluation--critical area HVAC. Is the control room sensitive? Do 
you have calculations to show that it is not? 

Response: Should control room HVAC be lost, operating procedure SOP V4, step 3, 
calls for the reactor to be shut down using normal operating procedures when the 
control room temperature reaches I IO°F. However, it should be noted that with 
doors open, the control room temperature will take 4 hours to reach 109°F.  

[8] Loss of 125-Vdc bus 31 power panel, sequence 18 and loss of 125-Vdc bus 32 power 
panel, sequence 18. In these sequences, a loss of the power panel is followed by a 
reactor scram in which the control rods are not inserted into the core. These 
sequences were not developed because their predicted frequency are less than 
108/year. However, since the AFW system is the only system with which the core 
can be saved and in an ATWS more system trains are required, are you sure you can 
eliminate these sequences? 
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* Response: We agree that the elimination of these sequences was inappropriate and 
have modified the event trees and quantification accordingly.  

[9] Interfacing system LOCAs. The location of the breaks can result in deleterious 
effects on the operability of mitigating systems (creating an adverse environment in 
pump rooms, etc.). Has this been properly accounted for in the quantification of 
ISLOCA scenarios.  

Response: Break location was explicitly considered in the evaluation of ISLOCA 
consequences. For example, the possibility of a break in the pump room was 
considered in the evaluation of breaks in 518 line 56 

[10] Concerning Valves PCV- 13 lOX/B, are there any possible reasons for a high 
temperature signal to occur? Perhaps a loss of room cooling? Was this considered 
in the modeling? 

Response: The possible reasons for a high AFW pump room temperature and closure 
of valves PCV-1310A/B are a rupture in the steam lines to and from the turbine
driven AFW pump and a loss of room cooling when the AFW pumps are running.  
These causes of isolation valve closure were modeled 

[11] The review of Appendix B, Thermal Hydraulic Analyses, gave rise to several 
* questions concerning the lack of detail concerning the timing of events.  

Response: The thermal hydraulic analyses described in Appendix B were performed.  
to define success criteria for event tree development and not to establish the time 
available for operators to take actions. The text in Appendix B was 'Modified to 
emphasize this intention.  

[12] Appendix B, Thermal Hydraulic Analyses. The MARCH computer code was used 
for LOCA calculations and MAAP 3.013 for transient evaluations. Were results 
obtained with the two codes compared? 

Response: The use of these codes was dictated by logistical requirements. A number 
of comparison calculations were made and very similar results were obtained with 
both codes.  

[13] Appendix B, Thermal Hydraulic Analyses, Steam Generator Tube Rupture. What is 
the basis for the assumed initial leak area? 

Response: The initial tube leak rate was assumed to be 400 gpm through a break 
0. 0033 ft2 in area. This area was calculated assuming a guillotine tube rupture.  

* [14] Appendix B, thermal hydraulic analyses, steam generator tube rupture. The critical 
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timing estimates for controlled depressurization appear to be based on hand 
calculations rather than on MAAP simulations. Given the relatively complex series 
of actions required to successfully manage this type of accident and the consequences 
of a failure to perform any of these actions, why were MAAP calculations not 
performed to validate the estimates of response times.  

Response: The actions and associated times were derived from the EOPs and 
simulator exercises. Therefore, MAAP runs would not enhance the analysis.  
Furthermore, we would disagree with the characterization of the actions required for 
late RCS cooldown and depressurization as being "relatively complex "--the operators 
are well trained in the actions and have 3 hours in which to perform them.  

[15] Appendix B, Thermal Hydraulic Analyses, Station Blackout. The time to core 
damage following station blackout assumes that the leak begins at time zero. This is 
not always the case.  

Response: The assumption is a conservative one.  

[16] Appendix K, Severe Accident Response Predictions. Plots of hydrogen mass 
generated in- and ex-vessel are shown for most accident scenarios. Although this 
information is useful, a comment on the attendent hydrogen levels would be useful.  
This is particularly true where the hydrogen concentration is above or near flammable 
limits but the containment is steam inerted.  

Response: The purpose of this appendix is to present pressure profiles and 
characterize subsequent source term releases. Mean hydrogen concentrations in the 
containment were not calculated or presented because they will be misleading and 
insufficiently conservative as they give no information about local concentrations and 
ignition probabilities.  

[17] Appendix K, severe accident response predictions, long-term station blackout with 
RCP seal LOCA and no ac power recovery. The basic sequence of events in this 
accident scenario is the same as in the long-term station blackout without ac power 
recovery (sequence 1) but with a more rapid evolution because of the RCP seal 
LOCA. However, the calculated in-vessel hydrogen production is 15 percent lower 
and the calculated ex-vessel hydrogen production is 50 percent lower. While the 
difference for in-vessel hydrogen production can probably be explained by the effects 
of a different reactor vessel pressure during meltdown, there is no clear explanation 
for the difference in ex-vessel hydrogen concentration.  

Response: A lower critical heat flux parameter was assumed for the scenario in 
which no RCP seal LOCA occurs. This lower value results in increased core
concrete interactions and ex-vessel hydrogen production.
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* [18] The internal flooding analysis was well done and the results reasonable.  

Response. None required 

To summarize, the independent review team concluded that the study had been performed in a 
logical, reasonable, and thorough manmer, and that although 'certain changes were 
recommended, none of these changes would require a major revision of the analysis or the 
results obtained. The recommended changes were examined with the review team and 
appropriate changes were made to the analysis and the report.  

0i 
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Section 6

PLANT IMPROVEMENTS AND UNIQUE SAFETY 
FEATURES 

6.1 INTRODUCTION 

In the course of this study, numerous important and unique plant safety features were 
identified. The unique features that significantly lower the core damage frequency are 
documented in Section 6.2. These features include certain plant modifications made during, 
and sometimes in response to, the IPE process. Potential improvements related to unresolved 
generic phenomenological issues are discussed in Section 6.3.  

6.2 SAFETY FEATURES 

This section describes the safety features at IP3 that make a significant contribution to the 
achievement of a low core damage frequency and in particular that are important in mitigating 
potential high-frequency core damage sequences. These features and their impact on the 
accident are described below.  

m Local Manual Operation of the Steam-Driven Auxiliary Feedwater Pump 32. For 
station blackout sequences that continue after battery depletion, the operation of steam
driven auxiliary feedwater (AFW) pump 32 can be maintained by manual operation of 
PCV- 1139. No credit was taken for this recovery action.  

a City Water Supply to AFW System. The condensate storage tank is the normal source 
of water supply to the suction of the AFW pumps. For sequences in which extended 
operation of the AFW system is required, the city water system can be aligned to provide 
water to the AFW pump suctions.  

m City Water Supply to the Charging Pumps. The charging pumps are cooled by 
component cooling water. However, the loss of the component cooling water (CCW) 
system can be mitigated by manually aligning city water to the coolers.  

m High-Head Safety Injection Pump-Shaft-Driven Component Cooling Water Pumps.  
The high-head safety injection pumps are equipped with shaft-driven CCW pumps.  
Therefore, sequences which involve the loss of the CCW pumps will not affect the 
operability of the high-head safety injection pumps provided the CCW header remains 
intact and open.



" New Steam Generators. The steam generators were replaced in 1989. Consequently, W 

the anticipated frequency of steam generator tube ruptures is expected to be less than in 
plants in which steam generators have not been replaced.  

" Nitrogen Supply to AFW System. While the instrument air system is the primary 
source of air to operate the speed control system on the AFW turbine and most of the air
operated valves in the system, three nitrogen bottles located inside the AFW pump room 
and connected into the instrument air system provide a back-up to the instrument air 
system.  

" 118-Vac Instrument Bus Inverter Transfer Capabilities. Pairs of instrument buses in 
the 118-Vac electric power system are normally fed by a static inverter that takes an 
input from a 125-Vdc power panel and converts it to a single-phase output of 11 8-Vac.  
Three of the four inverters also contain an additional internal static transfer switch that 
can automatically bypass the dc-fed inverter section with ac output from the back-up 
MCC and transformer to maintain power to the buses should the inverter section fail.  
The fourth inverter has an alternate set of circuit breakers that are interlocked with the 
normal inverter output breakers.  

* Spare Battery Charger 35. Operating procedures direct that a spare battery charger, 
battery charger 35, be manually aligned to replace battery chargers that fail or are placed 
in maintenance.  

" Residual Heat Removal Pumps. The RHR pumps can operate for 24 hours without 
CCW flow to cool the RHR pump seals and jacket coolers. Should RHR operation be 
required after 24 hours, cooling flow to RHR pump 31 can be established by manually 
initiating the flow of city water to the pump. Therefore, sequences which result in the 
loss of CCW flow should not affect the operation of RHR pump 31.  

" Appendix R Diesel. IP3 has an Appendix R dedicated shutdown path--the plant is 
equipped with an Appendix R diesel generator and separate 480-V switchgear, located in 
the turbine building, that are sized to operate the following loads essential for RCP 
cooling: 

- component cooling water pump 32 

- charging pumps 31 or 32 

- service water pump 38.  

Use of the Appendix R diesel for alternative power was addressed as a recovery action.  
The Appendix R switchgear and diesel generator can also provide a limited supply of 
power to the 480-V safeguards buses (2A/3A, 5A and 6A) if the buses are available.  0



* " Back-Up Service Water Pumps. IP3 is equipped with three back-up service water 
pumps aligned to the essential service water header. Sequences which result in the loss 
of service water flow as a result of the failure of the essential service pumps to start or 
continue to run may be mitigated by manually starting one or more back-up pumps. No 
credit was taken for the use of these pumps in this study, however.  

" Post-LOCA Recirculation. IP3 has two internal (containment) recirculation pumps and 
two external RHR pumps capable of providing post-LOCA recirculation cooling. Each 
set of pumps has its own sump.  

* High- to Low-Pressure Pipe Interface. Because the high- to low-pressure interface on 
the shutdown cooling path RHR suction line is located inside containment, it is probable 
that, in the unlikely event that RHR suction valves fail, any resulting loss of piping 
integrity would occur inside containment. This design feature substantially reduces the 
frequency of interfacing LOCA events that lead to containment bypass.  

" Containment Buildin . The IP3 containment building is a large dry reinforced concrete 
structure. Analyses performed by EQE [70] predict an ultimate containment failure 
pressure well in excess of the design basis pressure. Consequently, early containment 
failure is most unlikely and, because containment overpressurization is expected to occur 
over many hours, potential accident recovery actions are enhanced and additional time is.  
provided for source term reduction.  

* m Containment Fan Coolers. The IP3 containment incorporates safety grade containment 
fan coolers to remove heat from and reduce pressure build-up in the containment. These 
coolers are independent of and redundant to the containment spray system. They also 
allow removal of decay heat in certain cases in which coolant flow through the core is, 
established but the heat sink (i.e., the RHR heat exchangers or their associated support 
systems) is lost. The success criterion adopted for the fan coolers in this analysis was 
that three of five coolers function. This criterion is conservative.  

* Reactor Pit. The large reactor pit and resulting high floor area:power ratio enhance 
debris coolability, thereby reducing the likelihood of late containment overpressure 
failure.  

6.3 PLANT IMPROVEMENTS RELATED TO UNRESOLVED 
GENERIC PHENOMENOLOGICAL ISSUES 

It was concluded from the analysis of unresolved generic phenomena that no undue risks are 
associated with these issues at IP3. We would note that as a result of this study, a 
modification has been made to revise the alarm response procedure for high pump room 
temperature to direct the operator to open the roll-up door to the AFW pump room to 

All ventilate the room and so prevent the failure of the motor-driven pumps and isolation of the



steam supply to the turbine-driven AFW pump. This proceduial modification serves to 
enhance AFW system unavailability and its decay heat removal function.  

A further modification related to generic phenomenological issues was made in the course of 
this study, though not in direct response to it: Pressurizer PORVs that had been prone to 
leakage have now been replaced. As a result, a significant reduction in the frequency of core 
damage caused by ATWS sequences is anticipated, because the elimination of leakage through 

the PORVs will allow the block valves to remain open during operation and thus enhance 
pressure relief capacity during ATWS events.



Section 7

CONCLUSIONS 

An individual plant examination for severe accident vulnerabilities was performed upon the 
Indian Point Unit 3 nuclear power plant. A major objective of this study was to obtain a 
meaningful assessment of the risks to the plant and to the health and safety of the public.  
Other objectives were to develop an appreciation of severe accident behavior, and to identify 
ways in which the overall probabilities of core damage and fission product release could be 
reduced if this were deemed necessary. The achievement of these objectives is well 
documented in the preceding sections. While some results of this study may be uncertain on 
an absolute basis, there is reasonable confidence in the relative order of the contributors to 
total core damage frequency. More important, a number of valuable qualitative insights into 
the design and operation of the plant were obtained.  

This section presents the overall conclusions and recommendations that resulted from the 
study.  

7.1 GENERAL CONCLUSIONS 

7.1.1 CORE DAMAGE 

The total mean core damage frequency at IP3 initiated by internal events is 4.4 x 1 05 /year.  
The results of this study show that seven types of accidents dominate the internal core damage 
frequency. These accident types are accidents initiated by transients, loss-of-coolant accidents, 
anticipated transient without scram events, accidents initiated by internal flooding, station 
blackout accidents, steam generator tube ruptures, and interfacing system loss of coolant 
accidents. Their mean frequencies and contribution to the total internal core damage 
frequency are shown below.



Percentage contribution to 

Accident Type Mean Core Damage Mean Core Damage 
Frequency (/year) Frequency 

Transients 1.28 x 10-' 28.89 

LOCAs 8.89 x 10-6 20.07 

ATWS events 8.67 x 106 19.57 

Internal flooding 6.51 X 10.6 14.69 

Station blackout 4.77 x 106  10.77 

Steam generator tube ruptures 2.42 x 10.6 5.46 

Interfacing system LOCAs 2.46 x 10-7 0.56

7.1.2 RADIONUCLIDE RELEASE 

The containment failure modes predicted for IP3- and their frequencies are presented in Table 
7.1.2.1. The frequencies of the resulting release categories are presented in Table 7.1.2.2.  
From these results of the containment performance analysis, a number of conclusions could be 
drawn.  

" No unique containment failure mechanisms were identified or extremely high containment 
failure frequencies found.  

" Containment failure is unlikely because of its strength.  

" Late containment failure is more probable than early containment failure 

" Late containment failure is only likely if late containment heat removal does not operate 
or long-term core-concrete interactions melt through the containment basemat. Late 
containment failures are evenly distributed between late containment overpressure and 
basemat melt-through failures.



Table 7.1.2.1

Containment Failure Mode Frequencies

Containment Failure Containment Failure Mode Frequency 
Mode (/year) 

No Containment Failure 2.70 x 10.  

Late Containment Failure 9.48 x 106 

Basemat Melt-through 4.17 x 10-6 

Steam/NG overpressure 4.39 x 10-6 

Hydrogen bums 9.11 x 10-7 

Bypass 2.15 x 10-6 

SGTR with SOV 6.10 x 10-7 

SGTR without SOV 1.21 x 10-6 

Induced SGTRs 8.86 x 10' 
Interfacing LOCA 2.45 x 10-7 

Early Containment Failure 2.74 x 10-7 

Steam Explosion 4.12 x 10-9 

ALPHA 3.92 x 10-9 

ROCKET 1.97 x 10"10 
Containment isolation 7.16 x 10-9 

Hydrogen bums 7.80 x 108 

Vessel overpressure 1.85 x 10-7 

Ex-vessel FCI ":0



Table 7.1.2.2

Release Category Frequency

Release SBO TRANS LOCAS VSequ SGTR TOTAL 

Category 

Flood LOSP 
Induced Induced Large Medium Small Large Small SORV nSORV 

L-Low 0 1.40E-07 3.31E-07 2.34E-07 2.07E-08 1.34E-08 0 0 0 0 7.39E-07 

L-mLow 2.66E-08 5.21E-09 8.21E-09 0 7.30E-10 3.62E-10 0 0 0 0 4.1 IE-08 

L-Med 5.61E-06 1.21E-06 1.20E-06 2.69E-07 8.05E-08 3.29E-07 0 0 0 0 8.70E-06 

L-mHigh 0. 0 0 0 0 0 0 0 0 0 0 

L-High 0 0 0 0 0 0 0 0 0 0 0 

E-Low 0 6.69E-09 5.57E-09 1.31E-10 3.19E-10 4.26E-11 0 0 0 0 1.27E-08 

E-mLow 0 3.12E-09 1.02E-09 1.19E-09 0 4.20E-11 0 0 0 0 5.36E-09 

E-Med 1. I OE-07 3.08E-08 .8.51E-08 3.OOE-09 7.02E-10 5.43E-09 0 2.II E-07 0 1.21E-06 1.65E-06 

E-mHigh 9.75E-10 4.52E-10 1.29E-09 9.76E-I0 0 2.99E-I0 0 0 6.1OE-07 1.65E-I I 6.14E-07 

E-High 7.80E-08 1.89E-08 5.09E-09 I. 19E-09 2.84E-I0 1.20E-09 3.40E-08 0 8.42E- 11 0 1.39E-07

2.70E-5
1 .56E-09 2.42E-06 6.02E-7

1.35E-05 9.42E-06 1.03E-06

m Early containment failures are primarily the result of bypass 
accident initiator causes containment bypass. -

sequences in which the

" No extremely high early or late release category frequencies were found.  

" Because the dominant containment end states are no or late containment failure, the 
resulting dominant source terms are late releases. Because water and late sprays are 
likely to be available, these releases will be medium or low in magnitude.  

" Breach of the containment pressure boundary is expected to be controlled by the 
containment liner tearing in the vicinity of the main steam and feedwater penetration as a 
result of interference forces transferred through pipe penetrations.  

* While plant damage states initiated by transients dominate the total core damage, late 
radionuclide releases are dominated by accident progressions initiated by SBO events.  
These progressions result in late containment failures and significant core-concrete 
interactions.

1.56E-09 2.42E-06 6.02E-7



" The containment performance analysis demonstrated that early radionuclide releases were 
dominated by SGTR and V-sequence progressions. The most probable early release 
category is dominated by SGTR progressions with medium-high or medium releases.  
Early high releases are unlikely and can be caused only by V-sequence progressions.  

* The likelihood of more than 20 percent of the core melting is high for all plant damage 
states. Because of the likelihood of core melt, vessel failure is likely.  

" Vessel penetration failure is more likely than gross vessel failure in all plant damage 
states.  

" Gross failure of the vessel lower head prior to core damage is unlikely. The sole cause 
of this event would be a main steamline break accompanied by subsequent pressurized 
thermal shock that fails the vessel.  

* The likely predicted RCS break size is either small or no break. However, for the LOCA 
plant damage state group, a large RCS break is likely.  

" The probability of a stuck-open pressurizer PORV/SRV prior to core damage is low.  
Consequently, accident progressions involving stuck-open pressurizer relief valves are not 
significant.  

" The most probable SGTR progressions involve no stuck-open steam generator SRVs.  

* SGTR progressions with and without a stuck-open steam generator SRV differ 
,significantly--the fission product releases are significantly larger when a steam generator 
SRV sticks open than when the secondary-side remains closed to the atmosphere.  

* Although RCS pressure prior to core damage is above the 2350-psia PORV setpoint, RCS 
pressure at vessel failure is most probably below the PORV setpoint. The lower RCS 
pressures result in reduced loads on the containment at vessel failure. Subsequently early 
containment failure is less probable.  

" Operation of late containment spray in the recirculation mode following vessel failure will 
provide significant scrubbing of airborne fission product, and thus lower the 
environmental source term.  

" The availability of water impacts core and debris cooling and late containment spray 
operation, reducing the likelihood of vessel and containment failure, and lowering the 
environmental source term.  

" Sensitivity studies showed that only a limited number of the sensitivity parameters had 
other than a marginal impact on the likelihood of vessel failure, the likelihood, timing, 
and location of containment failure, and source term release magnitude. This is



anticipated because containment failure is unlikely at IP3.

7.2 PLANT IMPROVEMENTS AND UNIQUE SAFETY FEATURES 

Certain safety feature at IP3 are important in mitigating potential high-frequency core damage 
sequences. These features and their impact on the accidents are described below.  

m Local Manual Operation of the Steam-Driven Auxiliary Feedwater Pump 32. For 
station blackout sequences that continue after battery depletion, the operation of steam
driven auxiliary feedwater (AFW) pump 32 can be maintained by manual operation of 
PCV-1 139. No credit was taken for this recovery action.  

a City Water Supply to AFW System. At IP3, the condensate storage tank is the normal 
source of water supply to the suction of the AFW pumps. For sequences in which 
extended operation of the AFW system is required, the city water system can be aligned 
to provide water to the AFW pump suctions.  

m City Water Supply to the Charging Pumps. At IP3, the charging pumps are cooled by 
component cooling water. However, the loss of the component cooling water (CCW) 
system can be mitigated by manually aligning city water to the coolers.  

* High-Head Safety Injection Pump-Shaft-Driven Component Cooling Water Pumps.  
The high-head safety injection pumps at IP3 are equipped with shaft-driven CCW pumps.  
Therefore, sequences which involve the loss of the CCW pumps will not affect the 
operability of the high-head safety injection pumps provided the CCW header remains 
intact and open.  

m New Steam Generators -The steam generators were replaced in 1989. Consequently, 
the anticipated frequency of steam generator tube ruptures is expected to be less than in 
plants in which steam generators have not been replaced.  

* Nitrogen Supply to AFW System. While the instrument air system is the primary 
source of air to operate the speed control system on the AFW turbine and most of the air
operated valves in that system, three nitrogen bottles located inside the AFW pump room 
and connected into the instrument air system provide a back-up to instrument air.  

m 118-Vac Instrument Bus Inverter Transfer Capabilities. Pairs of instrument buses in 
the 118-Vac electric power system are normally fed by a static inverter that takes an 
input from a 125-Vdc power panel and converts it to a single-phase output of 118-Vac.  
Three of the four inverters also contain an additional internal static transfer switch that 
can automatically bypass the dc-fed inverter section with ac output from the back-up 
MCC and transformer to maintain power to the buses should the inverter section fail.  
The fourth inverter has an alternate set of circuit breakers that are interlocked with the



normal inverter output breakers.

" Spare Battery Charger 35. Operating procedures direct that a spare battery charger, 
battery charger 35, be manually aligned to replace battery chargers that fail or are placed 
in maintenance.  

" Residual Heat Removal Pumps. At IP3, the RHR pumps can operate for 24 hours 
without CCW flow to cool the RHR pump seals and jacket coolers. Should RHR 
operation be required after 24 hours, cooling flow to RHR pump 31 can be established by 
manually initiating the flow of city water to the pump. Therefore, sequences which result 
in the loss of CCW flow should not affect the operation of RHR pump 31.  

" Appendix R Diesel. IP3 has an Appendix R dedicated shutdown path--the plant is 
equipped with an Appendix R diesel generator and separate 480-V switchgear, located in 
the turbine building, that are sized to operate loads essential for RCP cooling. Use of the 
Appendix R diesel for alternative power was addressed as a recovery action. The 
Appendix R switchgear and diesel generator can also supply, the 480-V safeguards buses 
(2A/3A, 5A and 6A) if the buses are available.  

" Back-Up Service Water Pumps. IP3 is equipped with three back-up service water 
pumps aligned to the essential service water header. Sequences which result in the loss 
of service water flow as a result of the failure of the essential service pumps to start or 
continue to run may be mitigated by manually starting one or more back-up pumps. No 
credit was taken for the use of these pumps in this study, however.  

* Post-LOCA Recirculation. IP3 has two internal (containment) recirculation pumps and 
:two external RHR pumps capable of providing post-LOCA recirculation cooling. Each 
set of pumps has its own sump.  

* Containment Buildin2. The IP3 containment building is a large dry reinforced concrete 
structure with an ultimate containment failure pressure well in excess of the design basis 
pressure. Consequently, early containment failure is most unlikely and, because 
containment overpressurization is expected to occur over many hours, potential accident 
recovery actions are enhanced and additional time is provided for source term reduction.  

" High- to Low-Pressure Pipe Interface. Because the high- to low-pressure interface on 
the shutdown cooling path RHR suction line is located inside containment, it is probable 
that, in the unlikely event that RHR suction valves fail, any resulting loss of piping 
integrity would occur inside containment. This design feature substantially reduces the 
frequency of interfacing LOCA events that lead to containment bypass.  

" Containment Fan Coolers. The IP3 containment incorporates safety grade containment 
fan coolers to remove heat from and reduce pressure build-up in the containment. These 
coolers are independent of and redundant to the containment spray system. They also



allow removal of decay heat in certain cases in which coolant flow through the core is 
established but the heat sink (i.e., the RHR heat exchangers or their associated support 
systems) is lost. The success criterion adopted for the fan coolers in this analysis was 
that three of five coolers function. This criterion is conservative.  

* Reactor Pit. The large reactor pit and resulting high floor area:power ratio enhance 
debris coolability, thereby reducing the likelihood of late containment overpressure 
failure.  

7.3 INSIGHTS AND RECOMMENDATIONS 

A major insight of this IPE is confirmation of the important role played by a number of 
human actions in lessening the risk of core damage. Of particular importance are three 
actions: 

" Initiation of Primary Bleed-and-Feed Coolin,. Operator action FB, the initiation of 
primary bleed-and-feed cooling, is taken in accident sequences that involve a total loss of 
secondary side cooling and, in particular, a failure to establish AFW flow. The time 
available to initiate bleed-and-feed cooling (and thus the probability of human error in 
taking this action) is determined by the time at which the reactor coolant pumps (RCPs) 
are tripped--the RCPs must be tripped for bleed-and-feed cooling to be successful--and 
whether the PORV block valves are open when the reactor trip occurs--if block valves are 
open bleed-and-feed cooling can be established more rapidly than if they are closed and 
deenergized. With respect to this latter factor, the recent modification to eliminate 
leakage through the PORVs and allow the plant to run with the block valves open will 
enhance the likelihood of successfully initiating bleed-and-feed cooling.  

" Initiation of High- and Low-Head Recirculation Flow. Operator actions OHR and 
OLR, the initiation of high- and low-head recirculation flow, entail the alignment of 
ECCS pumps for cold-leg sump recirculation using recirculation or RHR pumps. For 
high-head recirculation, these pumps provide water to the HHSI pumps.  

These actions are taken in response to an RWST low-low level alarm following a loss of 
coolant event. High-head recirculation (OHR) will be initiated if reactor coolant pressure 
is above the shutoff head of the recirculation or RHR pumps. Low-head recirculation 
(OLR) will be initiated otherwise.  

" Perform Early or Late RCS Cooldown and Depressurization. Operator action ORCS 
is taken after a steam generator tube rupture event. The action entails the cooldown of 
the reactor coolant system (RCS), using the intact steam generators, and its 
depressurization, using the pressurizer spray valves or PORVs, to reduce and eventually 
terminate flow of reactor coolant into the ruptured steam generator.



Other measures that would reduce the risk of core damage and loss of decay heat removal 
were also identified in this IPE in the course of reviews of the quantitative results and from 
plant walkdowns, the observation of simulator exercises, and a review of existing test, 
operating and emergency procedures. A number of these measures have been, or are being, 
implemented and thus have been assumed to apply in the analyses. The measures are: 

" Open City Water Supply Valve for Alternative AFW Pump Suction. Operator action 
OCST is taken to recover from the plugging of condensate storage tank isolation valves 
CT-6 or CT-64. The plugging of these valves subsequent to a reactor trip and loss of 
main feedwater will cause the AFW pumps to trip on low flow, a major potential cause 
of a loss of secondary-side cooling. While the logical response to this failure is to switch 
to the backup city water supply by opening valves PCV-1 187/ 1188/1189, the relevant 
EOP (EOP FR-H. 1) did not address the plugging of CT-6 or CT-64--while the EOP 
directed the operator to switch to the city water supply should the CST water level fall 
below 2.5 ft, it ignored the situation in which a CST outlet valve plugs closed. To 
address this omission, the plant is modifying the EOP to instruct the operators to align 
the backup city water supply to the AFW pumps should the CST outlet valves fail, as 
indicated by a low suction flow alarm.  

* Provision of Alternative AFW Pump Room Ventilation. Operator action OAFW
HVAC requires that the operator establish ventilation to the auxiliary boiler feed pump
room should normal room ventilation fail. A loss of ventilation to this room while the 
AFW pumps are running will result in the failure of the motor-driven pumps and 
isolation of the steam supply to the turbine-driven AFW pump. Specifically, should the 
'AFW pumps be started when the temperature in the 18-ft elevation pump room exceeds 
90°F, pump room temperature may rise to above 160'F should pump room ventilation 
fail. At this temperature, the AFW system will have failed: the motor-driven pumps fail 
at 160°F; the steam, supply to the turbine-driven pump will be isolated at 130°F. While a 
high AFW pump room temperature will be alarmed in the control room, previous alarm 
response procedures only addressed fires and steam line ruptures. Therefore, to guard 
against a loss of ventilation and its consequences when the AFW pumps start, the alarm 
response procedure for high pump room temperature is being revised to direct the 
operator to open the roll-up door to the AFW pump room to ventilate the room.  
Calculations predict that adequate room ventilation can be achieved with this action.  

m Provision of Alternative Switchgear Room Ventilation. Operator action OCTL15
HVAC requires that the operator establish switchgear room ventilation should normal 
room ventilation fail. A failure to do so would result in the irrecoverable loss of 480-Vac 
safety-related switchgear, effectively causing a station blackout. To address this 
possibility, a modification is being implemented to provide for a control room alarm on 
high switchgear room temperature. An associated alarm response procedure will direct 
the operator to open the doors leading into the control building switchgear room and align 
a portable fan to ventilate the room.



m Align Alternative Safe Shutdown Equipment to MCC 312A. Flooding of the 480-Vac 
switchgear room on the 15-ft elevation of the control building may cause all safeguards 
buses to fail. To prevent an RCP seal LOCA, service water pump 38, component cooling 
water pump 32, and charging pump 31 or 32 should be aligned to the Appendix R motor 
control center MCC-312A. Because of concerns raised in the IPE, the emergency 
operating procedures are being revised to emphasize the need to align the safe shutdown 
equipment to MCC 312A during events involving a loss of all 480-Vac safeguards buses 
while offsite power is available, as well as during fire-related events.  

Other measures will be reviewed to determine whether the overall risk posed by core damage 
warrants any additional action and whether the benefits to be derived from implementation of 
the specific actions justifies the cost of their implementation. These measures are to: 

" Ensure Correct Post-Maintenance -Component Alignment. Many current procedures 
for functional tests call for components to be returned to their "as-found" conditions after 
the tests. This direction may result in a lost opportunity to correct improper component 
positions. It is therefore recommended that functional test procedures require that 
equipment be restored to its normal position (or the position required by the shift 
supervisor or senior reactor operator) and that the "as-found" and "as-left" tables in the 
procedure include a column for "normal" position.  

" Expand the Scope of Diesel Generator Functional Tests. Performance tests of the 
diesel generator ventilation systems are not included in the functional tests of the 
corresponding diesel generators (diesel generator functional tests 3PT-M79A/B/C). Of 
particular concern, there is no verification of the exhaust fan auto-start controls or that 
rated flow is achieved.  

" Provide Explicit Guidance to restore Main Feedwater in Functional Restoration 
Procedure FR-H.1 When a loss-of secondary heat sink is indicated, the operators will 
implement functional restoration procedure FR-H.1. At present, FR-H. 1 provides explicit 
guidance to the operators for depressurizing the secondary side and aligning the 

condensate system, no such guidance is given for restoring the flow of main 
feedwater.  

Actions could also be taken to reduce the contribution to the core damage frequency 
occasioned by internal flooding: 

m Replace the Automatic Make-up to the Instrument Air Closed Cooling Water 
(IACCW System Tank. While automatic make-up was presumably installed to 
compensate for possible leaks, it is clearly counter-productive if large continued leaks 
lead to the accumulation of water within the control building switchgear room. The 
replacement of the automatic make-up to this tank with manually controlled make-up or 
make-up that is restricted to the normally anticipated leak rate would eliminate rupture of 
the IACCW system as a source of concern.
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" Isolate the Control Building Deluge Room from the Switchgear Room. By closing 
the open door between the deluge room and switchgear room and establish a means to 
ensure that water escaping into the deluge room is discharged to the turbine building or 
outside, a rupture of the fire protection system in the deluge room would be prevented 
from flooding the control building switchgear room and causing the failure of the 480
Vac safety-related switchgear.  

" Install a Watertight Door between the Control Building Switchgear Room and the 
Control Building East Stairwell. Because the curb below this door is higher than the 
critical flood height of the 480-Vac switchgear, drainage through gaps beneath the door 
will not mitigate flooding initiated within the switchgear room. It will, however, allow 
floods originating in the control building east stairwell or AC equipment room to 
propagate into the switchgear room and damage the switchgear. The replacement of the 
existing door with a water-tight door will therefore eliminate rupture of the fire protection 
system in the control building east stairwell as a source of concern.  

Alternatively, drainage of the control building east stairwell, into the diesel generator 
valve room could be enhanced to prevent water from flowing into the control building 
switchgear room from the stairwell.  

* Ensure that the Floor Drains within the Control Building Function.  

" Enhance Drainage of the Control Building Switchgear Room. A trench draining into 
the diesel generator valve room will mitigate the effects of flooding in the switchgear 
.room.  

* Install Shields to Prevent the IACCW line from Spravin2 Switchgear in the Control 
Building Switchgear Room.  

" Modify Maintenance Isolation Procedures. Require independent verification of water 
line isolation immediately prior to the start of maintenance should this maintenance 
require the opening of water lines in the control building.  

No attempt was made to identify specific actions that would reduce the consequences of 
radionuclide releases. Such actions will be evaluated, however, in the development of severe 
accident management plans.
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