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ABSTRACT 

Traditionally, probabilistic risk assessments (PRA) of severe accidents in nuclear power plants have considered 
initiating events potentially occurring only during full power operation. Some previous screening analysis that 
were performed for other modes of operation suggested that risks during those modes were small relative to 
full power operation. However, more recent studies and operational experience have implied that accidents 
during low power and shutdown could be significant contributors to risk. 

During 1989, the Nuclear Regulatory Commission (NRC) initiated an extensive program to carefully examine 
the potential risks during low power and shutdown operations. The program includes two parallel projects 
being performed by Brookhaven National Laboratory (BNL) and Sandia National Laboratories (SNL). Two 
plants, Surry (pressurized water reactor) and Grand Gulf (boiling water reactor), were selected as the plants 
to be studied. 

The objectives of the program are to assess the risks of severe accidents initiated during plant operational 
states other than full power operation and to compare the estimated core damage frequencies, important 
accident sequences and other qualitative and quantitative results with those accidents initiated during full 
power operation as assessed in NUREG-1150. The scope of the program includes that of a level-3 PRA. 

A phased approach was used in the level-1 program. In phase 1 which was completed in Fall 1991, a coarse 
screening analysis including internal fire and flood was performed for all plant operational states (POSs). 
The objective of the phase 1 study was to identify potential vulnerable plant configurations, to characterize 
(on a high, medium, or low basis) the potential core damage accident scenarios, and to provide a foundation 
for a detailed phase 2 analysis. 

In phase 2, mid-loop operation was selected as the plant configuration to be analyzed based on the results of 
the phase 1 study. The objective of the phase 2 study is to perform a detaiIed analysis of the potential 
accident scenarios that may occur during mid-loop operation, and compare the results with those of NUREG- 
1150. Volume 1 summarizes the results of the study. The scope of the level-1 study includes plant damage 
state analyses, and uncertainty analysis. The internal event analysis is documented in Volume 2. The internal 
fire and internal flood analysis are documented in Volumes 3 and 4, respectively. A separate study on seismic 
analysis, documented in Volume 5, was performed for the NRC by Future Resources Associated, Inc. 

A phased approach was also used in the level 2/3 program however both phases addressed the risk from only 
mid-loop operation. The first phase of the level 2/3 PRA was initiated in late 1991 and consisted of an 
Abridged Risk Study. This study was completed in May 1992 and was focused on accident progression and 
consequences, conditional on core damage. Phase 2 is a more detailed study in which an evaluation of risk 
during mid-loop operation was performed. The results of the phase 2 level 2/3 study are the subject of this 
volume of NUREG/CR-6144, Volume 6. 

The offsite risk estimates for latent health effects of accidents during mid-loop operation were similar to the 
risk estimates for full power operation. The early health consequences are much lower than the full power 
results primarily due to the long time after shutdown when the accidents occur in mid-loop operation (i.e., 
because of the natural decay of the short-lived isotopes of iodine and tellurium, which are primarily associated 
with early health effects). The uncertainties in risk for accidents during mid-loop operating are largely due 
to uncertainties associated with isolating the containment and achieving a pressure retaining capability. 
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EXECUTIVE SUMMARY 

S.1 Background 

A systematic evaluation of risk has been performed for mid-loop operation at the Suny Unit 1 plant. Surry 
is a pressurized water reactor (PWR) with a subatmospheric containment building. The study was performed 
by Brookhaven National Laboratory (BNL) for the Nuclear Regulatory Commission (NRC) Office of Nuclear 
Regulatory Research (RES). A sister study of the Grand Gulf nuclear power plant, a boiling water reactor 
(BWR), is being performed by Sandia National Laboratories. 

Probabilistic Risk Assessments (PRAs) for low power and shutdown operations were initiated in support of 
the NRC’s response to the Chernobyl accident, which was an accident initiated at low power conditions, the 
Diablo Canyon event of April 10,1987 which led to the issuance of a Generic Letter 88-171 and later modified 
by the staffs follow-up actions to the incident at the Vogtle plant on March 20, 1990. An analysis of the core 
damage frequency (Level 1 PRA) for low power shutdown operation at Surry was initiated in late 1990 and 
carried out in two phases. Phase 1 undertook a coarse qualitative screening analysis of the accident sequences 
leading to core damage for all plant operational states during low power and shutdown, while in Phase 2 a 
detailed quantitative analysis of the core damage frequency was performed for mid-loop operation only. 

The accident progression and consequence assessment (Level 2 and 3 PRA) was initiated in late 1991 and was 
also carried out in two phases. An Abridged Risk study was performed from January to May 1992. It was 
focused on accident progression and consequences, conditional on core damage. Phase 2 is a more detailed 
study in which the accident frequency analysis was combined with the accident progression and consequence 
analysis to calculate risk. This Phase 2 study is the subject of this volume of the report. The analysis of core 
damage frequency for accidents initiated by internal events, internal fire, internal flood, and seismic events 
are reported in separate volumes. 

The objective of the Phase 2 study is to develop methods to compute the risk of the Surry plant during mid- 
loop operation and to perform the study. The approach used in the risk assessment was to utilize to the extent 
possible the component analyses developed as part of the NUREG-1150 program. The assessment also 
identified those factors that have the most impact on the risk estimates and highlights unique features of the 
risk analysis performed. The results of the study were also compared against the risk of full power operation 
as evaluated in the NUREG-1150 study of Surry and the NRC safety goals. 

Mid-loop operation occurs when the reactor coolant system (RCS) level is lowered to the mid-plane of the 
hot leg. This allows the steam generators to be drained so that they can be tested. Mid-loop operation can 
occur during different types of outage and when the plant is in several different operational states. At Surry, 
mid-loop operation has occurred in four types of outages: refueling, drained maintenance, non-drained 
maintenance with the use of the residual heat removal (RHR) system, and non-drained maintenance without 
the use of the RHR system. Each outage type is characterized by several operating states with each state 
representing a unique set of operating conditions (temperature, pressure, configuration). Three mid-loop 
operating states were identified from Surry outage records, two during refueling outages and one in drained 
maintenance. Each of these operating states is characterized by different decay heat levels and plant 
configurations, such as number of RCS loops that are isolated and whether the safetyhelief valves on the 
pressurizer have been pulled for maintenance. 
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The scope of this study was to perform a risk analysis for mid-loop operation during three plant operating 
states. Risk estimates were made for accidents initiated by internal events due to equipment failure and 
human enor. Risk estimates were however not made for accidents initiated by internal fires, internal floods 
or seismic events. In addition, as this study is limited to accidents at mid-loop operation it is not a complete 
risk estimate for accidents that could occur during low-power and shutdown. In fact, mid-loop operation was 
selected for more detailed study because in the Phase 1 study this was found to be one of the more vulnerable 
plant configurations. The current risk estimates for mid-loop operation are therefore likely to be higher than 
for other plant configurations during low-power and shutdown. Another related point deals with the impact 
of this study on plant operations during mid-loop conditions at Surry. The study has identified potential 
vulnerabilities over the last few years and the plant staff have responded (if they found that a response was 
warranted) by making improvements. While these responses are encouraging and lead to improved plant 
safety it has meant that we have been trying to analyze a moving target. In order to complete the study we 
therefore had to use procedures and other plant information available as of April 1993. 

S.2 Method 

The approach used in the risk assessment was to utilize to the extent possible the component analyses that 
were developed for the full power study. However, due to the long time periods over which an accident can 
occur and due to differences in plant configuration during mid-loop operation, the interface between the core 
damage frequency analysis and the accident progression analysis was sufficiently different that additional 
factors had to be incorporated in combining the accident sequences into appropriate plant damage states for 
entry into the accident progression event tree (MET). It was also possible to simplify @e., reduce the 
number of top events) the full power MET for use in the mid-loop study. In addition to reducing the size 
of the tree it was necessary to introduce a number of new top events related to containment isolation in order 
to appropriately describe the accident progression and plant configuration during mid-loop operation. 

The source term model used in the full power study was considered suitable for use in the mid-loop study with 
only minor modifications. This suitability was based on comparisons with point calculations from a 
deterministic code, MELCOR, and the views expressed by an expert review panel drawn from staff at Sandia 
and Brookhaven National Laboratories. However the partitioning method used in the full power study to 
combine the source terms into a smaller number of representative source terms for input to the consequence 
model had to be modified. This was necessary in order to account for changing radionuclide inventories for 
the various accidents because they can occur during a long time period after shutdown. The latest version of 
the MACCS code was used to evaluate the offsite consequence measures. In addition, simple, scoping 
estimates of onsite doses in the open area of the plant adjacent to the containment (so-called parking lot dose) 
were also made. The method used to calculate risk was the same as that used in the full power study. 

S.3 Results 

The results of the core damage frequency analysis are discussed in detail in Volume 2 of this report, which 
also includes a comparison with the full power study. In order to appreciate the accident progression analysis 
and risk estimates the results of the core damage frequency are briefly discussed in this volume. Four 
statistical measures of the core damage frequency distribution (CDF) for accidents during mid-loop operation 
are compared with similar measures for accidents during power operation below: 
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Core Damage Frequency 
for Mid-Loop Operation 

(per reactor year) 

Core Damage Frequency 
for Power Operation 

(per reactor year) 

95th Percentile 1.9E-5 1.OE-4 

Mean 4.2E-6 4.1E-5 

50th Percentile 2.OE-6 2.5E-5 

5th Percentile 3.2E-7 9.8E-6 

The mean core damage frequency of accidents initiated by internal events during mid-loop operation is about 
an order of magnitude lower than the mean frequency of accidents during full power operation. In addition 
the mean and median frequencies of the two distributions were within a factor of approximately two. 
However, the tails of the distributions do overlap and therefore for some cases the mid-loop core damage 
frequency could be higher than the full power frequency. 

Table S.l presents statistical measures of the distributions for seven consequence measures for accidents 
during mid-loop operation obtained from this study. Similar statistical measures for full power operation 
obtained from the NUREG-1150 study of Surry are also included in the table. Table S.1 indicates that the 
mean risk of offsite early health effects is over two orders of magnitude lower for accidents during mid-loop 
operation than for full power. This is due to the natural decay of the radionuclide inventory (because the 
accidents occur a long time after shutdown) particularly the short-lived isotopes of iodine and tellurium, which 
are primarily associated with early health effects. The distributions obtained for population dose (50 miles 
and 1000 miles) for mid-loop and full power operation are very similar. However the distributions for latent 
cancer fatalities differ by a factor of about three. The mid-loop study used the latest version of the MACCS 
code, which incorporates the BEIR V update to the latent cancer versus dose relationship, whereas NUREG- 
1150 used an older version of MACCS. The latest BEIR V update gives approximately a factor of three 
higher latent cancers for the same value of population dose. 

Finally, scoping estimates of onsite doses were performed which indicate that the parking lot dose rates for 
accidents involving unisolated containment were high. This would limit the ability to take corrective actions, 
which cannot be performed from the control room, for this class of accidents. 

S.4 Conclusions 

The main finding of the study is that during mid-loop operation the risk of consequence measures related to 
long-term health effects, latent cancer fatalities and population dose, are high, comparable to those at full 
power, despite the much lower level of the decay heat and the radionuclide inventory. The reason for this 
is that containment is likely to be unisolated for a significant fraction of the accidents initiated during mid-loop 
operation so the releases to the environment are potentially large and the radionuclide species which mostly 
contribute to long-term health effects (such as cesium) have long half-lives. Accident sequences involving 
failure to correctly diagnose the situation or take proper actions are the largest contributors to the risk. 
Another finding of the study is that the risk of early fatalities is low despite the unisolated containment due 
to the decay of the short-lived radionuclide species such as iodine and tellurium which contribute to early 
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fatality risk. The calculated risk estimates have a range of uncertainty extending over approximately two 
orders of magnitude from the 5th to the 95th percentile of the distribution. 

Containment Status 

The major factor driving the risk is the status of containment during mid-loop operation. It was judged that 
there is a high probability that the containment is either unisolated or that it would not have full pressure 
retaining capability during mid-loop operation. This is particularly the case if the operators fail to diagnose 
the accident as it was judged unlikely that they would take action to isolate containment or could succeed in 
doing so within the available time frame. This factor played a significant role in influencing the risk estimates 
of mid-loop operation. During the course of the study, Surry plant personnel made available new procedures 
for containment closure during mid-loop operation. However, it was difficult to assess the adequacy of these 
procedures in ensuring the pressure retaining capability of the containment within the time frame encompassed 
by this study. This feature contributed significantly to the uncertainty in containment status and the estimate 
of risk. 

Availability of Containment Sprays 

There is no requirement at Surry for the containment sprays to be available during shutdown. Plant records 
show that the spray systems could be inoperable because of maintenance. Spray availability was modeled as 
an uncertainty parameter in the risk analysis. Since the sprays perform an important safety function in 
mitigating the effects of releases, spray unavailability contributed both to the risk and its uncertainty. 

Possibility of Core Damage Arrest 

The inclusion of the possibility of arresting the core degradation process before vessel failure is an important 
feature of this analysis as it was for the full power study. Termination of the accident in-vessel can 
significantly reduce some of the fission product releases and thus the risk. The potential for core recovery 
depends on the nature of the accident progression and is different for the various PDS Groups. Overall, the 
conditional probability of core damage arrest ranged from 0.23 (5th percentile) to 0.44 (95th percentile) with 
a mean of 0.35. 

Comparison with Full Power Study 

The mean core damage frequency for accidents during mid-loop operation is about an order of magnitude 
lower than the mean frequency of accidents caused by internal events at full power. However, the risk 
distributions obtained for comparable long term health consequences are very similar in the two studies. What 
this finding implies is that the lower decay heat and lower radionuclide inventory of the mid-loop operating 
state, compared with full power, is offset by the lack of mitigative features. Finally, the mean risk of early 
health effects is over two orders of magnitude lower for accidents during mid-loop operation than for accidents 
during full power operation. This is due to the natural decay of those radionuclide species which have the 
greatest impact on early fatality risk because accidents during mid-loop operation occur a long time after 
shutdown. 
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Comparison With the Safety Goals 

Comparison of the results of this study against the NRC safety goals is done only for the two quantitative 
health objectives identified in the Commission’s policy statement of August 1986. These objectives deal with 
individual early fatality and latent cancer fatality risks within 1 mile and 10 miles of the site, respectively. The 
numerical value of these objectives are given in Table S.l. The 95th percentile of the distribution for 
individual latent cancer fatality risk falls more than an order of magnitude below the objective. The 95th 
percentile of the distribution for individual early fatality risk falls over two orders of magnitude below the 
corresponding health objective. The health objectives, however, apply to the total risk of the Surly plant. The 
risk estimates of this study are for accidents initiated by internal events during mid-loop operaton and 
therefore reflect only a fraction of the total risk at Surry. 

Vol. 6, Part 1 - x v -  NUREGICR-6144 



Table S.l Comparison of Distributions of Risk for Mid-Loop and Full-Power Operation 
(All Values per Reactor Year; Population Doses in P-Sv per Year) 

I 

2. 
I 

< 
P 
cn 

Sample Sample Sample Sample Standard 
5th Percentile Median Mean 95th Percentile Deviation 

Mid- Full- Mid- Full- Mid- Full- Mid- Full- Mid- Full- 
Loop Power Loop Power Loop Power Loop Power Loop Power 

Early Fatalities 1.26E-10 7.60E-10 3.57E-09 7.OOE-08 4.9OE-08 2.00E-06 1.59E-07 5.4OE-06 1.69E-07 N.A. 

Latent Fatalities within 50 mi 1.55E-04 N.A. 8.34E-04 N.A. 2.46E-03 N.A. 8.78E-03 N.A. 3.68E-03 N.A. 

Latent Fatalities within 1000 mi 7.97E-04 3.10E-04 5.35E-03 2.20E-03 1.57E-02 5.20E-03 5.50E-02 1.90E-02 2.52E-02 N.A. 

Population Dose within 50 mi 3.77E-03 5.90E-03 1.98E-02 2.70E-02 5.79E-02 5.80E-02 1.89E-01 2.5OE-01 8.77E-02 N.A. 

Population Dose within 1000 mi 1.87E-02 1.9OE-02 1.25E-01 1.30E-01 3.66E-01 3.10E-01 1.29E+00 1.20E+00 5.90E-01 N.A. 

Individual Early Fatalities Risk within 1 mi* 6.00E-12 1.40E-11 1.27E-10 8.7OE-10 1.74E-09 1.60E-08 6.94E-09 4.90E-08 5.52E-09 N.A. 

Individual Latent Fatalities Risk within 10 mi* 1.20E-10 1.60E-10 7.48E-10 4.9OE-10 2.09E-09 1.70E-09 7.10E-09 8.10E-09 3.01E-OS 

N.A. - Not Available 

*NRC quantitative health objectives: 
Individual early fatality risk within one mile to be less than 5 x 
Individual latent cancer fatality risk within 10 miles to be less than 2 x 

per reactor year. 
per reactor year. 



FOREWORD 

(NUREG/CR-6143 and 6144) 
Low Power and Shutdown Probabilistic Risk Assessment Program 

Traditionally, probabilistic risk assessments ( P M )  of severe accidents in nuclear power plants have considered 
initiating events potentially occurring only during full power operation. Some previous screening analysis that 
were performed for other modes of operation suggested that risks during those modes were small relative to 
full power operation. However, more recent studies and operational experience have implied that accidents 
during low power and shutdown could be significant contributors to risk. 

During 1989, the Nuclear Regulatory Commission (NRC) initiated an extensive program to carefully examine 
the potential risks during low power and shutdown operations. The program includes two parallel projects 
performed by Brookhaven National Laboratory(BNL) and Sandia National Laboratories(SNL), with the 
seismic analysis performed by Future Resources Associates. Two plants, Surry (pressurized water reactor) and 
Grand Gulf (boiling water reactor), were selected as the plants to be studied. 

The objectives of the program are to assess the risks of severe accidents due to internal events, internal fires, 
internal floods, and seismic events initiated during plant operational states other than full power operation 
and to compare the estimated core damage frequencies, important accident sequences and other qualitative 
and quantitative results with those accidents initiated during full power operation as assessed in NUREG-1150. 
The scope of the program includes that of a level-3 PRA. 

The results of the program are documented in two reports, NUREGKR-6143 and 6144. The reports are 
organized as follows: 

For Grand Gulf: 

NUREGKR-6143 - Evaluation of Potential Severe Accidents during Low Power and Shutdown 
Operations at Grand Gulf, Unit 1 

Volume 1: Summary of Results 
Volume 2 Analysis of Core Damage Frequency from Internal Events for 

Operational State 5 During a Refueling Outage 
Part 1: Main Report 

Part 1A Sections 1 - 9 
Part 1B: Section 10 
Part 1C: Sections 11 - 14 

Part 2 Internal Events Appendices A to H 
Part 3: Internal Events Appendices I and J 
Part 4: Internal Events Appendices K to M 
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Volume 3: Analysis of Core Damage Frequency from Internal Fire Events for Plant 
Operational State 5 During a Refueling Outage 

Volume 4: Analysis of Core Damage Frequency from Internal Flooding Events for 
Plant Operational State 5 During a Refueling Outage 

Volume 5:  Analysis of Core Damage Frequency from Seismic Events for Plant 
Operational State 5 During a Refueling Outage 

Volume 6: Evaluation of Severe Accident Risks for Plant Operational State 5 
During a Refueling Outage 
Part 1: Main Report 
Part 2 Supporting MELCOR Calculations 

For Surry: 

NUREG/CR-6144 - Evaluation of Potential Severe Accidents during Low Power and Shutdown 
Operations at Surry Unit-1 

Volume 1: Summary of Results 

Volume 2 Analysis of Core Damage Frequency from Internal Events during Mid- 
loop Operations 
Part 1: Main Report 

Part 1A. Chapters 1 - 6 
Part 1B: Chapters 7 - 12 

Part 2: Internal Events Appendices A to D 
Part 3: Internal Events Appendix E 

Part 3 A  Sections E.l - E.8 
Part 3B: Sections E.9 - E.16 

Part 4: Internal Events Appendices F to H 
Part 5:  Internal Events Appendix I 

Volume 3: Analysis of Core Damage Frequency from Internal Fires during Mid- 
loop Operations 
Part 1: Main Report 
Part 2 Appendices 

Volume 4: Analysis of Core Damage Frequency from Internal Floods during Mid- 
loop Operations 

Volume 5: Analysis of Core Damage Frequency from Seismic Events during Mid- 
loop Operations 

Volume 6: Evaluation of Severe Accident Risks during Mid-loop Operations 
Part 1: Main Report 
Part 2: Appendices 
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ACRONYMS 

Acronym 
ACC 
AEOD 
AFW 
AHSJ 
A N S  
AOT 
AOV 
Ap 
ASEP 
ASME 
ATWS 
BAT 
BHEP 
BAST 
BIT 
BNL 
BRT 
CAS 
ccw 
CD 
CDF 
CEDM 
CESSAR 
CFR 
CIS 
CLCS 
CPC 
CPS 
CRA 
cs 
CSD 
CSR 
css 
CST 
cvcs 
cw 
DHR 
ECA 
ECCS 
EDG 
EF 
EL0 

Definition 
Accumulator 
Office for Analysis and Evaluation Operational Data, US NRC 
Auxiliary Feedwater 
Air Handling Unit 
American Nuclear society 
Allowed Outage Time 
Air Operated Valve 
Abnormal Procedure 
Accident Sequence Evaluation Program 
American Society of Mechanical Engineers 
Anticipated Transient Without Scram 
Boric Acid Tank 
Basic Human Error Probability 
Boric Acid Storage Tank 
Boron Injection Tank 
Brookhaven National Laboratory 
Boron Recovery Tank 
Compressed Air System 
Component Cooling Water 
Core Damage 
Core Damage Frequency 
Control Element Drive Mechanism 
Combustion Engineering Standard Safety Analysis Report 
Code of Federal Regulation 
Containment Isolation Signal 
Consequence Limiting Control System 
Charging Pump Cooling 
Containment Pressure Suppression 
Control Rod Assembly 
Containment Spray 
Cold Shutdown 
Cable Spreading Room 
Containment Spray System 
Condensate Storage Tank 
Chemical and Volume Control System 
Circulating Water 
Decay Heat Removal 
Emergency Contigency Action 
Emergency Core Cooling System 
Emergency Diesel Generator 
Error Factor 
End of Licensed Life 
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Acronym 
EP 
EPS 
ESF 
ESFAS 
ESGR 
ESR 
FAT 
FCV 
FMEA 
FO 
FW 
GOP 
HAZOP 
HEP 
HHSI 
HPI 
HPR 
HRA 
HSD 
W A C  
H x  
HZP 
IAEA 
IAW 
IE 
INEL 
IPE 
IRRAS 
ISD 
ISLOCA 
ISR 
KV 
LCO 
LER 
LHS 
LHSI 
LOCA 
LOSP 
LPR 
LP&S 
LTOP 
MCC 
MCR 
MELCOR 

MFW 

Definition 
Emergency Procedure 
Emergency Power System 
Emergency Safety Feature 
Emergency Safety Feature Actuation System 
Emergency Switchgear Room 
Emergency Switchgear Room 
Fail as Is 
Flow Control Valve 
Failure Mode and Effect Analysis 
Fail Open 
Feed Water 
General Operating Procedure 
Hazard and Operability Study 
Human Error Probability 
High Head Safety Injection 
High Pressure Injection 
High Pressure Recirculation 
Human Reliability Analysis 
Hot Shutdown 
Heating Ventilation and Air Conditioning 
Heat Exchanger 
Hot Zero Power 
International Atomic Energy Agency 
In Accordance With 
Initiating Event 
Idaho National Engineering Laboratory 
Individual Plant Evaluation 
Integrated Reliability and Risk Analysis System 
Intermediate Shutdown 
Interfacing Systems LOCA 
Inside Spray Recirculation 
Kilo-vol t 
Limiting condition of Operation 
Licensee Event Report 
Latin Hypercube Sampling 
Low Head Safety Injection 
Loss of Coolant Accident 
Loss of Offsite Power 
Low Pressure Recirculation 
Low Power and Shutdown 
Low Temperature Overpressurization 
Motor Control Center 
Main Control Room 
A Computer Code for Nuclear Reactor Severe Accident Source 
Term and Risk Assessment Analysis 
Main Feedwater 
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Acronym 
MOP 
MOV 
MSTV 
MW 
MWt 
NC 
NO 
NPSH 
NRC 
NRR 
NRV 
NSAC 
NSS 
NSS 
OD 
00s 
OP 
OSR 
PCS 
PCV 
PG 
PORV 
POS 
PPM 
PPRS 
PRA 
PRT 
PRZR 
PSA 
PSF 
PSIA 
PSID 
PSIG 
PTL 
PTS 
R&D 
RC 
RCCA 
RCP 
RCS 
REA 
RES 
RF 
RF 
RHR 
RMP 

Definition 
Maintenance Operating Procedure 
Motor Operated Valve 
Main Steam Trip Valve 
Mega-watt 
Mega-watt Thermal 
Normally Closed 
Normally Open 
Net Positive Suction Head 
Nuclear Regulatory Commission 
Nuclear Reactor Regulation, US NRC 
Non-Return Valve 
Nuclear Safety Analysis Center 
Normal Station Service 
Nuclear Steam System 
Operator Depressurization 
Out of Service 
Operating Procedure 
Outside Spray Recirculation 
Power Conversion System 
Pressure Control Valve 
Primary Grade 
Pilot Operated Relief Valve 
Plant Operational State 
Parts Per Million 
Primary Pressure Relief System 
Probabilistic Risk Assessment 
Pressurizer Relief Tank 
Pressurizer 
Probabilistic Safety Analysis 
Performance Shaping Factor 
Pound Per Square Inch Absolute 
Pound Per Square Inch Defferential 
Pound Per Square Inch Gauge 

Pressurized Thermal Shock 
Refueling and Drained Maintenance 
Reactor Coolant 
Reactor Control Cluster Assembly 
Reactor Coolant Pump 
Reactor Coolant System 
Rod Ejection Accident 
Office of Nuclear Regulatory Research, US NRC 
Recovery Factor 
Range Factor 
Residual Heat Removal 
Remote Monitoring Panels 

Pull-to-lock 
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Acronym 
RMT 
RMTS 
RPS 
RPV 
RSS 
RTND 
RTS 
RVLIS 
RWST 
Rx 
RY 
SBO 
scss 
S J T  
SG 
SGRCT 
SGRTS 
SGTR 
SI 
SIAS 
SIS 
SLB 
SNL 
SRV 
sv 
sws 
TAF 
TOP 
TWC 
UFSAR 
VCT 
VEPCO 
WR 
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Definition 
Recirculation Mode Transfer 
Recirculation Mode Transfer System 
Reactor Protection System 
Reactor Pressure Vessel 
Reserve Station Service 
Reference Temperature for Transition to Nil-Ductility 
Return to Service 
Reactor Vessel Level Indication System 
Refueling Water Storage Tank 
Reactor 
Reactor year 
Station Blackout 
Sequence Coding Search System 
Spent Fuel Pool 
Steam Generator 
Steam Generator Reactivity 
Steam Generator Recirculation and Transfer 
Steam Generator Tube Rupture 
Safety Injection 
Safety Injection Actuation System 
Safety Injection System 
Steam Line Break 
Sandia National Laboratories 
Safety Relief Valve 
Safety Valve 
Service Water System 
Top of Active Fuel 
Temporary Operating Procedure 
Through the Wall Crack 
Updated Final Safety Analysis Report 
Volume Control Tank 
Virginia Electric Power Company 
Wide Range 



1 INTRODUCTION 

1.1 Background 

This report presents the results of a Level 2 (accident progression) and Level 3 (consequence) analysis of the 
Surry nuclear power plant for possible accidents initiated while the plant is in mid-loop operation. The 
analysis was performed by Brookhaven National Laboratory (BNL) for the Nuclear Regulatory Commission 
(NRC) Office of Nuclear Regulatory Research (RES). This Level 2/3 analysis was combined with an analysis' 
of the core damage frequency (Level 1) for accidents initiated by internal events to produce a risk assessment. 
A sister study of the Grand Gulf nuclear power plant, a boiling water reactor (BWR), is being performed by 
Sandia National Laboratories. 

Probabilistic Risk Assessments (PRAs) for low power and shutdown operations were initiated in support of 
the NRC's response to the Chernobyl accident, which was an accident initiated at low power conditions, and 
later modified by the staffs follow-up actions to the incident at the Vogtle plant on March 20, 1990. The 
Level 1 PRA of Surry during low power and shutdown operation was initiated in late 1990 and carried out 
in two phases. Phase 1 undertook a coarse qualitative screening analysis of the accident sequences leading 
to core damage for all plant operational states during low power and shutdown, while in Phase 2 a detailed 
quantitative analysis of the core damage frequency was performed for mid-loop operation only. The Level 
2 and 3 PRA was initiated in late 1991 and has also been carried out in two phases. In Phase 1 an Abridged 
Risk study was performed from January to May 1992. It was focused on accident progression and 
consequences, conditional on core damage. A summary of the Abridged study is contained in Chapter 2 of 
this report. Phase 2 is a more detailed study in which the accident frequency analysis was combined with the 
accident progression, source term and consequence analysis to calculate risk. This Phase 2 study is the subject 
of this volume of the report. The analysis of core damage frequency for accidents initiated by internal events, 
internal fires, internal floods, and seismic events are reported in separate volumes. 

1.2 Study Objectives 

The objective of this study is to develop methods to compute the risk of the Surry plant during mid-loop 
operation and to perform the study. The approach used in the risk assessment was to utilize to the extent 
possible the component analyses developed as part of the NUREG-1150 program? The assessment also 
identified those factors that have the most impact on the risk estimates and highlights unique features of the 
risk analysis performed. Finally the results of the study were compared against the risk of full power operation 
as evaluated in the NUREG-1150 study of Surry and the NRC safety goals. 

1.3 Scope of Study and Major Assumptions 

The analysis reported in this volume is a risk evaluation of mid-loop operation at the Surry Unit 1 power 
plant, when the reactor coolant system level is lowered to the mid-plane of the hot leg. Mid-loop operation 
can occur in several plant operational states (POSs) of different outage types. At Surry, four types of outage: 
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refueling, drained maintenance, non-drained maintenance with the use of the residual heat removal (RHR) 
system, and non-drained maintenance without the use of the RHR system, were defined in the Level 1 
analysis. Each outage type is characterized by several POSs with each POS representing a unique set of 
operating conditions (temperature, pressure, configuration). Three mid-loop POSs were identified from Surry 
outage records in the Level 1 analysis, POS 6 and POS 10 in refueling outage, and POS 10 in drained 
maintenance. Each of these POSs is characterized by different decay heat levels and plant configurations, such 
as number of reactor coolant system (RCS) loops that are isolated and whether the safetyhelief valves on the 
pressurizer have been pulled for maintenance. 

The scope of the study is limited to an analysis of accidents initiated by internal events due to equipment 
failure and human error during mid-loop operation. In addition the study reflects procedures and other plant 
information available prior to April 1993. Risk estimates were not made for accidents initiated by internal 
fires, internal floods, and seismic events. As this study is limited to accidents during mid-loop operation it 
is not a complete risk estimate for accidents that could occur during low power and shut down operation. 
Mid-loop operation was selected for detailed study because the screening analysis carried out in Phase 1 
indicated that this was one of the more vulnerable plant configurations during low power and shutdown. 
Therefore, the risk estimates for mid-loop operation are likely to be higher than for other plant configurations 
at low power and shutdown. 

The major assumptions of the analysis are as follows: 

(3) 

(4) 

(5 )  

Time windows and decay heat levels: Decay heat level is a key parameter in the accident analysis due 
to the long time interval, depending on the POS and outage type, over which an accident can potentially 
occur during mid-loop operation. Four time windows with corresponding decay heat levels were 
constructed in the Level 1 analysis and it was assumed that the decay heat level (which varies 
continuously) of each time window can be adequately represented by its value at the mid-point of the 
time window. 

Containment Status: Several assumptions had to be made on the status of the containment during mid- 
loop operation. These assumptions are documented in more detail in Chapter 4 and relate to the 
pressure capability of the containment. The pressure capability ranges from no pressure retaining 
capability (leakage at inception of release) to full design capability (as at full power operation). The 
ability of containment to retain fission products released from damaged fuel is the dominant factor 
affecting risk. 

Source Term: It was assumed that the source term code, SURSOR3, which was developed for the full 
power study would adequately apply to low power and shutdown conditions as well. This assumption 
was checked through spot comparisons with calculations based on the mechanistic code MELCOR4 and 
by a review performed by a Source Term Advisory Group comprised of BNL and SNL staff. 

Accident Progression: Assumptions were made in various parts of the accident progression event tree 
on branch point probabilities, split fractions, etc. These are documented in Chapter 6. 

Consequences: The consequence calculation assumed the same emergency response for the offsite 
population in the low population zone surrounding Surry and the same long-term protective actions as 
the NUREG-1150 study. 
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(6) 

(7) 

1.4 

Onsite Doses: The scoping calculation of onsite doses assumed that the releases were directly from the 
containment to the environment through the equipment hatch and not through the personnel hatch so 
no in-building doses were calculated. 

Human Reliability: Several assumptions have been made regarding human errors, including failure to 
diagnose or failure to take action, which play a large role in both the Level 1 and Level 2 analyses. 
These assumptions are documented in Volume 2 report and in Chapters 5 and 6 of this volume. 

Strengths and Limitations 

The strengths of this study are: 

It is a systematic evaluation of risk during mid-loop operation at the Surry Unit 1 plant, including 
accident frequency, accident progression, source term and consequence analysis with a determination 
of uncertainty in each of the component analyses and in the final risk measures. 

The risk analysis takes into account the long time after shutdown that the accidents can occur and the 
impact of the consequent decay in power level and radionuclide inventory on the risk. In particular, 
new latent cancer weights were derived for source term partitioning and used in the consequence 
calculation. 

The newest version of the MELCOR code, version 1.8.2, was used to calculate the timing of key events 
in the accident progression which were then used in the accident progression event tree. 

The accident progression event tree has sufficient detail to account for a significant portion of the likely 
paths of evolution of the accident. 

The study includes a scoping calculation of onsite dose rates at locations in the vicinity of the plant 
during the accident. 

The study has the following main limitations: 

(1) There was no formal expert elicitation process used, as in the NUREG-1150 study, to provide values 
and distributions for key variables in the accident progression. Assignments for these variables had to 
be made internally at BNL or derived from analogy with full power conditions. The selection of the 
key variables themselves was also made internally at BNL. Thus the uncertainty analysis is not as robust 
as it could have been with input from an expert panel. 

(2) The scope of the study is limited to accidents initiated by internal events (due to equipment failure or 
human error) during mid-loop operation. Risk estimates were not made for accidents initiated by 
internal fires, internal floods and seismic events. The final risk numbers should therefore not be 
interpreted to reflect the risk of all plant operational states during low power and shutdown operation. 
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1.5 Organization of This Report 

This report is published in six volumes as described briefly in the Foreword. The first volume of NUREG/CR- 
6144 provides a summary of the results of the full scope PRA (levels 1,2, and 3) that has been performed for 
the Surry plant for severe accidents that might occur during mid-loop operation. 

Volumes 2 through 6 present a detailed description of the results of the constituent analyses. Volume 2 
describes the analysis of the core damage frequency (CDF) from internal events initiated during mid-loop 
operation. An analysis of the CDF from internal fire and internal floods is presented in Volumes 3 and 4, 
respectively. The CDF from seismic events is addressed in Volume 5. 

This volume of NUREG/CR-6144, Volume 6, presents the risk results for accidents during mid-loop operation 
at Surry. Part 1 of this volume presents the analysis and the results in some detail; Part 2 consists of 
appendices which contain further detail. Following a summary and introduction, Chapter 2 of this volume 
presents the results of Phase 1 of this study which consisted of an abridged risk study. 

The rest of the chapters describe the more detailed Phase 2 study. Chapter 3 briefly describes the methods 
used in the study. A description of the plant is given in Chapter 4. The interface between the level 1 and 
level 2 analyses is described in Chapter 5. Chapter 6 presents the results of the accident progression analysis. 
Chapter 7 presents the results of the source term analysis, and Chapter 8 gives the results of the consequence 
analysis. Chapter 9 summarizes the risk results, including the contributors to uncertainty. The results for mid- 
loop operation are compared with the full power results in Chapter 10. Remaining open issues are addressed 
in Chapter 11, and finally Chapter 12 presents the conclusions drawn from the study. 

1.6 References 

1. Chu, T. L., et al., “Evaluation of Potential Severe Accidents During Low Power and Shutdown Operations 
at Surry Unit-1: Analysis of Core Damage Frequency from Internal Events During Mid-loop Operations,” 
Brookhaven National Laboratory, NUREG/CR-6144, Volume 2, June 1994. 

2. U. S. Nuclear Regulatory Commission, “Severe Accident Risks: An Assessment for Five U.S. Nuclear 
Power Plants,” NUREG-1150, Vols. 1-3, December 1990 - January 1991. 

3. Jow, H. N., W. B. Murfin and J. D. Johnson, “XSOR Codes User’s Manual,” NUREG/CR-5360, Sandia 
National Laboratories, December 1989. 

4. Summers, R. M., et. al., “MELCOR 1.8.0: A Computer Code for Nuclear Reactor Severe Accident Source 
Term and Risk Assessment Analyses,” NUREiG/CR-5531, Sandia National Laboratories, SAND90-0364, 
January 1991. 

NUREG/CR-6144 1-4 Vol. 6, Part 1 



2 SUMMARY OF ABRIDGED STUDY ON RISK 
DURING MID-LOOP OPERATION 

2.1 Background and Objectives 

The abridged risk study was conducted from January through April 1992. The objective of the analysis was 
to make a preliminary determination of risk of the accident progression and the consequences of accidents 
during mid-loop operation at the Surry plant, Unit 1. The study was designed to obtain results for regulatory 
decisions that were to be made in the early summer of 1992. 

The abridged risk study was carried out to compute estimates of the conditional consequences (probability of 
the various events during the accident progressions multiplied by the consequences), given the occurrence of 
core damage. Traditional risk estimates, computed by multiplying the conditional consequences and the 
frequency of the sequences leading up to core damage, could not be made because the frequencies had yet 
to be determined in companion Level 1 and human reliability analysis (HRA) studies. Uncertainty was taken 
into account in a manner consistent with the detail of the abridged study. 

2.2 Methodology 

The methodology of the abridged study was an abbreviated version of the NUREG-1150' study. The 
calculations began with the assumption that core damage had occurred, making the consequences conditional. 
Given core damage, the possible accident progressions were delineated with a simple accident progression 
event tree (MET) limited to nine top event questions. The timing of key events in the accident progression 
was based on deterministic calculations with the MELCOR' code. The likelihood of the various accident 
progressions is reflected by branch point probabilities in the MET. In large-scale risk studies, such as 
NUREG-1150, the assignment of such probabilities is made by a formal expert elicitation process; in the 
abridged study, because of resource limitations, these assignments were made by the BNL staff. Thus, the 
probabilities are not as rigorous as they could be; this is one of several limitations of the study. This lack of 
rigor was partially offset by repeating the calculations with other reasonable input values; together, these 
repeated calculations constitute an uncertainty analysis. 

Through the uncertainty analysis, distributions, instead of point values, were assigned to the branch points. 
The distributions are subjective, but account for many possible values of the branch points. Point values were 
selected from the distributions with a form of Monte Carlo sampling known as Latin Hypercube Sampling 
(LHS).3 After making sets of inputs, each set is assigned to the branch points and multiplied through to the 
ends of the APET. The calculations were repeated using the sets of inputs to build a probability distribution 
at the end of each pathway. 

Having delineated accident progressions with the APET, the source terms of the progressions were calculated 
with the parametric SURSOR4 code developed for the NUREG-1150 program. SURSOR determines source 
terms from the characteristics of the pathways through the APET and other inputs. As in the M E T  
calculations, distributions are assigned to the variables and sampled with LHS to form many sets of input 
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values for repeated calculations. The result is a distribution of source terms for each accident progression 
pathway. 

Two sets of consequence measures were determined; an onsite dose rate (within the site boundary and 
designated as aparkinn lot dose rate), and offsite consequences, including early fatalities, population dose, and 
latent cancers. 

0 The parking lot dose rate was computed using a recent model by Ramsdel15 and a combination of the 
older Wilson6 and Regulatory Guide 1.145  model^.^ (Dose rates inside the containment or the reactor 
building were not calculated because the releases were assumed to take place through the equipment 
hatch directly to the outside). 

0 Offsite consequences were computed using the MACCS code? Uncertainty was not propagated through 
the consequences as it was through the M E T  and the source term calculations. 

Conditional risk was computed for each accident progression pathway by multiplying the consequences by their 
associated probabilities determined from the MET. The products of the pathways were summed. This 
process was repeated for each Monte Carlo sample of the source terms. Then, high, medium, and low results 
were reported. In the NUREG-1150 study,' high, medium and low results are represented by the 95th 
percentile, median and 5th percentile values of the distribution of the results. However, in this study, the 
number of samples taken was not sufficient enough to define them statistically. Therefore, they were referred 
to as high, medium and low results. They would approach the statistical 95th, 50th or 5th percentiles, if 
sufficient numbers of samples were taken. 

2.3 Accident Progression Analysis 

The abridged analysis was based on a preliminary screening analysis of the systems reliability and 
characterization of the accident sequences leading to core damage for the internally initiated events at the 
Surry Unit 1 plant? From this coarse screening analysisg mid-loop operation, which can occur during drained 
maintenance or refueling outages, was determined to be one of the most vulnerable plant conditions, mainly 
due to the reduced inventory in the RCS. The dominant causes of accidents during mid-loop operation are 
loss of residual heat removal (RHR) and loss of offsite power. Loss of RHR accident sequences occur largely 
due to operator errors, such as failure to diagnose an accident or failure to take proper action. Operating 
experience at nuclear power plants indicate a relatively high incidence of loss of RHR. For this category of 
accidents, the recovery probability is largely determined by the human reliability analysis (HRA). Since the 
HRA results have a large band of uncertainty, it also was included as an uncertainty parameter. For accidents 
initiated by a loss of offsite power, the probability of recovering offsite power during the accident progression 
determines the probability of recovering core cooling capability, and terminating the accident. 

For the abridged analysis, it was assumed that all the reactor loops were isolated and the safetyhelief valves 
were removed for maintenance, which provides a vent path from the RCS to the containment. 

The time to enter mid-loop after shutdown and the duration of mid-loop operation vary widely; from one day 
to more than one month. These times were selected as an uncertainty parameter to be varied in the sampling 
process. Longer times after shutdown are characterized by a lower decay heat level which potentially increases 
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the time available to take actions to recover core cooling capability before the core is uncovered, and also 
reduces the inventory of fission products available for release. 

To determine the extent of detail needed for the APET, extensive use was made of the accident progression 
analysis for the Surry plant carried out for the NUREG-1150 program,' which was a PRA of the plant at full 
power. That study showed that the major cause of release at Surry was containment bypass, followed by 
basemat melt-through. The probability of early failure of the containment caused by various mechanisms such 
as a hydrogen or steam explosion and late failure resulting from gradual pressurization was either very small 
or negligible. Thus, once the containment boundary is closed, the containment retains the fission products 
most of the time (except by very late basemat melt-through). In other words, phenomena such as direct 
containment heating or steam explosions were not important contributors to the estimated probability of 
containment failure and the eventual release of fission products. For accidents during low power and 
shutdown operation where the decay heat is significantly less and the reactor pressure is generally low, there 
are no particular reasons to believe that the performance of a closed containment would be any worse than 
for accidents occurring at full power. Two important factors for determining the containment's response 
during an accident in mid-loop operation are the status of its integrity and the availability of containment 
sprays . 

From several discussions with the Surry personnel, it was learned that while the containment is considered 
"closed" during mid-loop operation at Surry, closure does not ensure that the containment can contain the 
pressure which could be generated during a severe accident and prevent release of fission products." This 
is due primarily to the presence of a temporary restraining plug, that has no overpressure capability, in place 
of the escape tunnel in the containment equipment hatch. Therefore, in the abridged study, no credit was 
given to the containment barrier; it was assumed that the fission products would leak to the environment once 
they were released to the containment. This aspect simplified the abridged MET. Because the integrity of 
the containment is already lost at accident initiation, many questions normally needed to assess the potential 
for containment failure are no longer relevant. 

Sprays are important because they are the major containment cooling system during severe accidents, and can 
reduce the source terms by scrubbing. There is no requirement under the existing technical specifications to 
have any of the containment sprays available once the plant enters the RHR entry condition at Surry." 
Consequently, all of the containment sprays could be out of service during mid-loop operation. Spray 
availability was used as one of the uncertainty parameters in this study. 

Figure 2.1 shows the APET used in the abridged study. The first three questions refer to the status of 
containment. In the abridged study, the containment was assumed to be leaking from the start of the accident. 
Once the status of the containment is identified, the fourth question asked is the timing of core-cooling 
recovery, which determines the extent of core damage. Arrest of core degradation before failure of the vessel 
during a severe accident could significantly decrease the magnitude of release of fission products. Therefore, 
the timing of recovery of core-cooling capability was divided into five periods; Very early, Early, Intermediate, 
Late, and Never. The timing of Very early extends to the point where core cooling is recovered without any 
core damage. Early is recovery of cooling during the relatively short period after the cladding rupture of the 
fuel rods, but before significant core melting. Intermediate is the period in which the recovery of core cooling 
will arrest the progress of core melt without breaching the vessel. From consultation with the Source Term 
Advisory Group, this intermediate period was assumed to extend until 45% core melting occurred. If core 
cooling is recovered during the Late period (which, here, is defined to be more than 45% of the core melted), 
the vessel is assumed to be breached by the core debris. Never indicates no core cooling recovery. 
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The time of accident initiation varies widely. Therefore, the BNL staff determined the time of accident 
initiation by sampling from the joint distributions of the time to enter the mid-loop operation and the duration 
of mid-loop operation for each observation. Data from the Surry plant, which were collected for the screening 
level 1 analysis: were used to determine the distribution of the time of accident initiation; the MELCOR- 
calculated timing of the core-melt progression was adjusted by the decay heat to determine the time available 
for recovery of core cooling for the accident sequences whose times of accident initiation were different from 
those selected for the MELCOR calculations. The recovery probability was based on the HRA recovery curve 
for human error," the offsite power recovery curve: and hardware availability for each of the time periods 
(the latter from data used in the screening level 1 study). 

The next three questions in the APET address spray availability and whether the cavity is dry or wet, which 
determines the extent of core-concrete interaction. Spray availability was included as an uncertainty 
parameter. Because the containment during mid-loop operation at Surry was assumed to have no pressure- 
holding capability, the branches related to Closed and Open containment were not developed further in this 
study. This APET was applied to each of the major cutsets leading to core damage sequences identified in 
the preliminary screening level 1 study in which core damage was defined to have occurred when the coolant 
level dropped to the top of active fuel. 

The outcomes of the accident sequences in the APET were classified into eight bins (including a Nu Release 
bin) depending on the extent of core damage, vessel breach and spray availability (Fig. 2.1). In estimating the 
final risks conditional on core damage, only accident sequences which were actually predicted to result in core 
damage were included; accident sequences which were terminated in the Vety eat-& period were not included 
in the calculations of conditional risk. The conditional probability of arrest of core damage before vessel 
breach for the abridged analysis was estimated to vary from a high of about 0.75 to a low of about 0.4 with 
both the mean and median being approximately 0.55. The corresponding conditional probability at full power 
estimated in the NUREG-1150 study of Surry ranged from a high (95th percentile) of 0.7 to a low (5th 
percentile) of about 0.2 with a mean of 0.5 and a median of 0.45. 

2.4 Source Term Analysis 

The parametric code, SURSORP that was developed in NUREG-1150 for Surry, was used to define source 
terms in the abridged study. Two measures were taken to assure the adequacy of the source terms: The first 
involved comparing the calculations from MELCOR with the data used in and results from SURSOR. 
Second, a Source Term Advisory Group was established to provide guidance, and any additional information 
on modifying the SURSOR code for the present study. 

Considering the differences between full power and shutdown operations, the Source Term Advisory Group 
identified two parameters in SURSOR as important and possibly different than the values used in NUREG- 
1150. The first parameter is the fraction of the fission products in the core that are released to the vessel 
before vessel breach. The second parameter is the fraction of the fission products released to the vessel that 
are subsequently released to the containment. The distributions of these two parameters as defined in 
NUREG-1150 were compared with MELCOR calculations to establish the values to be used. 

SURSOR was used to predict the fission product release fractions for the five accident progression bins 
(APBs), APB-4 through APB-8, presented in Figure 2.1. Source terms for APB-1 through APB-3 were not 
considered because they were not expected to lead to any significant offsite consequences. (Due to early 
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recovery, there is no core damage for APB-1 and only clad damage for APB-2 and APB-3). Two hundred 
sets (or observations) of release fractions were produced for each of the five bins to address source term 
uncertainty. 

To limit the number of offsite consequence calculations, but still provide a range of uncertainty, 19 source 
term samples were randomly selected (from the 200 source term samples, using the LHS sampling method) 
for each of the five APBs for offsite consequence calculations.* When combined with the two time 
parameters, associated with the duration of mid-loop operation during the drained maintenance and the 
refueling outages respectively, this gave 38 source term samples for each APB. 

In addition to release fractions, a complete description of a source term requires specification of the timing, 
energy, and height of the release. The timing of the release affects both the radioactive decay of the inventory 
and the warning time for offsite emergency response (e.g., evacuation). The release times and durations were 
obtained from MELCOR calculations. Since the release time is measured from accident initiation (which in 
the case of mid-loop operation may be many days after shutdown of the reactor) it is not meant for calculating 
radioactive decay after reactor shutdown, but can be used to determine the timing for emergency response. 
The warning time for offsite emergency response is the time at which notification is provided to the public 
to begin emergency response procedures as measured from the time of accident initiation. In the abridged 
study, the warning time was assumed to be 60 minutes after accident initiation. 

An important parameter in the source term definition for accidents initiated during mid-loop operation, which 
is not considered in a full power analysis, is the time of accident initiation measured from reactor shutdown. 
This parameter determines the inventory available for release at accident initiation. The extended time period 
between accident initiation and reactor shutdown for an accident during mid-loop operation will result in 
significant radioactive decay, and consequently, a much reduced fission product inventory available for release. 
Because of its importance to consequences, it was treated as one of the uncertainty parametersin the abridged 
study. A randomly selected value of the time of accident initiation over the duration of mid-loop operation 
was assigned to each source term defined in this study. 

2.5 Consequence Analysis 

2.5.1 Onsite Consequences 

The onsite dose rate is a sum of the inhalation and cloud exposure dose rates based on the radionuclide 
concentration in the wake region of a building. A scoping value of onsite dose rate was estimated using the 
following wake centerline concentration models: Ramsdell: Wilson,6 and Reg. Guide 1.1457 

The scoping calculations were performed for three source terms referred to as high, medium, and low (Gap 
release). The WilsonReg. Guide 1.145 labelled box in Figure 2.2 is based on the Reg. Guide 1.145 prediction, 
limited from above by the values predicted by the Wilson model. The results in Figure 2.2 for the onsite dose 

This is the minimum number of source term samples needed to provide a 5% to 95% range for the 
consequence measures. However, because of the low confidence level associated with such a small 
sample, they are simply referred to as the upper and lower limits of the calculations, with no percentiles 
associated with them. 
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rate (Remih) indicate a variation of about two orders of magnitude as a function of the source term. The 
onsite dose rates are high, and are likely to lead to early fatalities for exposed workers. In view of the 
relatively large number of onsite personnel during shutdown operations, these dose rates outside the 
containment suggest that a careful examination should be made of onsite evacuation schemes to limit the 
consequences in the event of an accident. 

2.5.2 Offsite Consequences 

MACCS' calculations of the offsite consequences were made for all the source terms generated by LHS 
sampling3 of the SURSOR results. There were nineteen sample groups (one for Drained Maintenance and 
one for Refueling outages), each containing four distinct sets of release fractions for the nine radionuclide 
groups represented in the MACCS calculations. The time of release for each group was determined using the 
LHS technique. The radionuclide core inventories for Surry at various times after shutdown were taken from 
Reference 12. Then, the initial inventory for each source term was calculated using a logarithmic interpolation 
between the two closest data points. 

The following additional assumptions were used: 

0 Release power: 1.0 MW (sensitivity calculations with 0.0 MW). 
Release elevation: 28' (8.54 m), the height of the equipment hatch above ground. 

Figure 2.3 shows the results for the early and latent fatalities predicted by MACCS. APB-5 through APB-8 
contain thirty eight data points each. The median value of early fatalities is shown only for APB-7; zero values 
were predicted for the remaining bins. 

2.6 Conditional Probabilities of Consequences 

Once the consequences are calculated for each of the release bins, conditional risk can be evaluated by 
combining the accident progression analysis, source term analysis, and consequences. If the core damage 
frequencies of the PDS had been available from the level 1 analysis, absolute risk could have been calculated 
for this particular POS. However, since they were unavailable, risk was calculated as conditional on core 
damage; i.e., the results presented are averaged over various accident progressions, jjven core damage. 

Figure 2.4 shows ranges of four risk measures (conditional on core damage), the early fatalities, late cancer 
fatalities, the population dose at 50 miles, and the population dose at 1000 miles, calculated for the accidents 
initiated by internal events during mid-loop operation at Surry. The upper and lower bounds shown in the 
figures do not represent any particular statistical measures because the number of samples was too small to 
attach any statistical significance to them. However, if sufficient samples are used, these bounds are expected 
to asymptotically approach the 5th and 95th percentiles. For comparison, the figure show the same risk 
measures for full power operation at Surry from the NUREG-1150 study; to make this comparison, the 
calculated risk results of NUREG-1150 were converted in an approximate fashion to conditional probabilities 
of the various consequence measures; conditional on core damage and on containment failure. The 
comparison shows that the conditional probability of early fatalities during mid-loop operation is considerably 
less than the conditional probability of early fatalities at full power either given core damage or given 
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containment failure. This result is expected since the fission products will have had a longer time to decay 
and the species which have the greatest influence on the early fatalities generally have short half lives. 

Figure 2.4 also shows that the latent cancer fatalities and population doses are higher than those predicted 
for the full power accidents conditional on core damage. However, these long-term health effects are 
comparable for accidents conditional on containment failure because these risk measures are more affected 
by slow-decaying species and the longer decay time has less impact on these species. Therefore, the risks are 
similar once containment is failed. Since the containment is assumed to be essentially open during mid-loop 
operation in the abridged study, the offsite risk of latent health effects averaged over core damage sequences 
is higher for mid-loop operation than for full power operation. 

These comparisons of the conditional probabilities of consequences for mid-loop and full power operation are 
conditional on the occurrence of core damage or containment failure, i.e., assuming the same frequency of 
core damage or the same probability of containment failure. However, the & profile is determined by the 
product of these conditional risks with the frequencies of Occurrence of the conditions giving rise to the risk. 
If the frequencies of core damage or containment failure accidents are significantly different during mid-loop 
operation from those at full power, the risk profiles will be dominated by those accident frequencies. 
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3 METHODOLOGY 

The approach used in the current risk assessment was to utilize to the extent possible the component analyses 
developed as part of the NUREG-1150 program.' The components of the analyses used to compute risk are 
displayed schematically in Figure 3.1. This figure is very similar to a figure presented in reference 2 which 
describes the risk assessment performed for full power operation at Surry. Both approaches have the same 
four elements (accident frequency, accident progression, source term, and consequence analysis) but some of 
the components of the analysis had to be modified to reflect differences between the plant conditions at full 
power and during mid-loop operation. 

3.1 Overview of NUREG-1150 Methodology 

Figure 3.1 displays schematically the components of the analysis process which consists of four elements: 

1) Systems analysis and models of plant response to various initiating events, quantification of accident 
sequences leading to core damage; 

2) Analysis of the accident progression to determine various possible ways the accident could evolve given 
core damage; 

3) Source term analysis, the releases to the environment for the various outcomes of the accident 
progression; 

4) Consequence analysis, the health and economic impacts of each of the source terms. 

Risk is calculated by combining the frequency of core damage, the conditional probability of the release paths, 
and the value of the consequences of each source term conditional on the release into a single risk measure. 
By repeating the calculation several times with different input values (over specified ranges) of key parameters, 
a distribution of risk estimates is obtained from which the uncertainty in the risk can be determined. 

3.1.1 Accident Frequency Analysis 

The accident frequency analysis consists of the fault trees and event trees delineating the sequences leading 
to core damage. In four out of the five NUREG-1150 studies, the SETS code3 was used to perform the initial 
accident frequency analysis. The ultimate outcome of the initial accident frequency analysis is the group of 
minimal cut sets leading to core damage. The minimal cutsets are then grouped into plant damage states 
(PDSs), based on similarity of plant conditions, to define the entry points for the subsequent accident 
progression analysis. 
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3.1.2 Accident Progression Analysis 

In NUREG-1150, accident progression was analyzed using a single accident progression event tree (APET) 
developed for each plant which was evaluated with the EVNTRE code.4 The specification of each PDS 
defines the entry conditions to the MET. The APET developed for Surry in NUREG-1150 had 71 event 
questions and many of the questions had several outcomes; there were thus far too many paths through the 
tree to allow consideration of each individual path in terms of the subsequent source term and consequence 
analysis. The outcomes of the paths were grouped into accident progression bins (APBs) which have similar 
characteristics and define the entry conditions for the source term analysis. Mechanistic and deterministic 
code calculations, experimental observations, and a formal expert elicitation process were employed in 
NUREG-1150 to determine values of key parameters and their ranges in quantifying the model of accident 
progression. 

3.1.3 Source Term Analysis 

For each accident progression bin (APB), the source term in NUREG-1150 was calculated by a parametric 
code, SURSOR? This code is based on a mass-balance approach which considers the fractions of the 
radionuclide inventory released to the vessel, from the vessel to the containment, and from the containment 
to the environment. SURSOR incorporates the results of detailed mechanistic codes such as MELCOR: 
MAAP? and the Source Term Code Package' as well as distributions provided by expert judgement into a 
fast-running code which can be executed repeatedly with different values of input parameters to provide 
distributions of source terms for each APB. The number of APBs is large enough so that evaluating the 
consequences of each source term in each bin (there are potentially tens of thousands of source terms) is not 
practical. In NUREG-1150, the source terms were classified into source term groups by the PARTITION 
p r ~ g r a m . ~  Partitioning is a procedure for grouping of the source terms based on the similarity of their 
consequences, that .is, the early and late health effects arising from the magnitude and timing of the release 
of the radionuclide core inventory specified in each source term. Each source term is assigned an early fatality 
effect weight (which may be zero) and a chronic fatality effect weight and the source terms are divided into 
groups which have similar values of the weights. A further subdivision of the groups is made on the basis of 
the release timing relative to the warning and emergency evacuation times. In each source term group, an 
average (mean) source term is defined and then used for the detailed consequence calculation. 

3.1.4 Consequence Analysis 

The consequence measures, early fatalities, population dose (person-rem), and latent fatalities, are calculated 
for each source term group by the MACCS" code. The output of MACCS for each source term group is 
a distribution of the consequences, conditional on occurrence of the source term, which incorporates the 
uncertainty (variability) due to weather. However, in the NUREG-1 150 process, the consequence analysis 
differs from the three earlier components, accident frequency/plant damage state analysis, accident progression, 
and source term analysis, in that uncertainties due to important variables and phenomena in the consequence 
analysis were not propagated through the risk analysis via the Latin Hypercube sampling process" as they 
were for the other three constituent analyses. 
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3.1.5 Risk Calculations 

Risk is obtained by combining the output from each of the component analyses as shown in Figure 3.1. The 
uncertainty and sensitivity analysis of the risk is carried out by using a stratified form of Monte Carlo analysis 
called Latin Hypercube Sampling.” This approach is based on assigning distributions to important variables 
(through a formal expert elicitation process, for example), creating samples by randomly picking values from 
the distributions and propagating them through the analysis. The result is a distribution of risk for each of 
the consequence measures. 

3.2 Methodology of Current Study 

The methodological approach adopted in the current study is mostly based on the NUREG-1150 approach, 
which is described in detail in references 1 and 2. The sections below therefore describe only those elements 
of the methodology which are different from the NUREG-1150 approach. 

3.2.1 Accident Frequency Analysis 

The Level 1 analysis, including fault trees, event trees, recovery actions, etc., of the significant accident 
sequences leading to core damage and their frequencies, was carried out by the IRRAS code.’* This analysis 
is documented in Volume 2 of this report. A summary of the level 1 analysis results is presented in Chapter 
5 of this volume. A newly added feature of IRRAS which became available recently was used to group the 
minimal cut sets into the plant damage states. Seven characteristics were used to construct the plant damage 
states. 

The first characteristic identifies the time frame in which the accident occurs. A major difference between 
a PRA at full power and at mid-loop operation is the extended time period following shutdown during which 
an accident can occur. This time period allows for a significant decay of the power level, extends the time 
available for various phenomena and for recovery actions and leads to a lower value of the radionuclide 
inventory which can potentially be released. This feature of the shutdown PRA was modeled in the Level 1, 
accident frequency analysis through the construction of four “time windows” for various time periods following 
shutdown. Each time window has its own decay heat level and success criteria for accomplishing various 
recovery actions prior to core damage. The first PDS characteristic therefore identifies the time window in 
which the accident occurs. 

The second characteristic provides the status of ac power. Of particular interest is whether or not ac power 
is available and if it is not available whether it can be recovered. Human error is an important contributor 
to the core damage accident frequency for mid-loop operation. The third characteristic therefore identifies 
if human error contributed to the accident and if it did what was the type of error. The status of the reactor 
coolant system can significantly impact accident progression and this is therefore addressed in the fourth PDS 
characteristic. For some plant damage states recovering coolant injection after the start of core damage can 
prevent further core damage and terminate the accident prior to the core melting through the reactor vessel. 
The fifth characteristic deals with the issue of restoring coolant injection. If core damage occurs and 
containment integrity is lost then operation of the containment sprays can reduce the airborne fission product 
aerosol concentration and reduce the amount of radionuclides released to the environment. The sixth 
characteristic gives the status of the spray system. Finally the status (injected or not injected) of the refueling 
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water storage tank is given in the seventh characteristic. The construction of the plant damage states is 
described in more detail in Chapter 5. 

3.2.2 Accident Progression Analysis 

The accident progression event tree developed for mid-loop operation has been developed largely based on 
the MET developed for full power operation in the NUREG-1150 study. Some questions were removed and 
other questions pertinent to mid-loop operation (such as time windows and containment closure) were added. 
The APET for mid-loop operation consists of 40 questions compared to 71 questions in the full power APET. 
Due to resource limitations, a formal expert elicitation procedure could not be implemented to construct 
ranges of values and distributions for key variables. Assignments of these values and ranges were therefore 
made internally at BNL. The timing of key events in the accident progression is based on calculations carried 
out with the MELCOR code.6 A very important issue which has a major impact on the result is the status 
of the containment at accident initiation. Assignments of the possible values of this status were made based 
on discussions and exchange of written communications with the Surry plant personnel. The APET developed 
for mid-loop operation is described in detail in Chapter 6. The APET was evaluated using the EVNTRE4 
code as in the full power study. It was again necessary to combine the numerous outcomes of the M E T  into 
accident progression bins for input to the source term analysis. A similar approach to that used in the full 
power study was also used in the current analysis. The only additional information needed for the current 
study was the time window in which the accident occurred. Thus information identifying the time window was 
carried throughout all of the constituent analyses. 

3.2.3 Source Term Analysis 

The source term analysis used for mid-loop operation was similar to the approach used for full-power 
operation. The SURSOR' code was reviewed for its applicability to shutdown conditions by an expert group 
consisting of staff from BNL and SNL. The source term ranges in SURSOR were also compared against 
predictions with the MELCOR code. In general SURSOR was considered appropriate for use in the current 
study. The APBs were therefore processed through the SURSOR code in a similar manner to the full power 
study. The output from SURSOR is a larger number of source terms which need to be grouped into 
representative source terms. The process was done in the full power study using PARTITION. 

Methodologically, the important difference between NUREG-1150 and the present study is a reworking of the 
partition approach to reflect the long time interval and consequent decay of the inventory in the current study. 
In effect, accident progression bins and source term groups are defined for each time window. The 
partitioning of the source terms and the assignment of health effect weights is carried out through a partition 
procedure designated PARTITION-LPS, which is described in Chapter 7. 

3.2.4 Consequence Analysis 

The consequence measures for the average source term in each source term group were calculated by the 
MACCS code." The latest release of MACCS,1° version 1.5.11.1, which incorporates the important BEIR V 
update to the latent cancer - dose relati~nship,'~ was used to compute consequences. In contrast, the 
NUREG-1150 study used an earlier version of MACCS, Version 1.5.11, to compute consequences. The more 
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recent version of MACCS gives a higher (by approximately a factor of 3) number of latent cancers, than the 
earlier MACCS version for the same value of population dose. 

3.2.5 Risk Calculations and Uncertainty 

Risk was obtained by combining the individual results of each of the constituent analyses as shown in Fig. 3.1. 
The approach was similar to the NUREG-1150 approach. Distributions were assigned to important variables 
(some distributions were identical to those used in NUREG-1150, others were developed specifically for mid- 
loop operation) and samples were then created by randomly picking values from the distributions using Latin 
Hypercube Sampling.” For each sample the values assigned to each variable were propagated through the 
analysis to determine risk estimates for each consequence measure. By repeating the calculation for 100 
samples (or observations) distributions of risk estimates were obtained from which the uncertainty in risk was 
determined. 

3.3 Scoping Calculation of Onsite Doses 

A scoping calculation of onsite doses, outside of the main risk calculation, was carried out at the request of 
NRC to gain some insight into plant conditions at the time of the release which could possibly have an effect 
on various recovery actions in different locations of the plant. This calculation is based on taking ranges of 
high and low source terms in various time windows and interfacing them with deterministically estimated 
weather conditions. Two different correlations, one of which includes recent work on building wake 
correlations, were used to compute the “parking lot” dose as described in Chapter 8. 

3.4 
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4 PLANT DESCRIPTION 

4.1 General Description 

Surry Unit 1 is a 2441 MWth pressurized water reactor (PWR) designed and constructed by Westinghouse. 
It is operated by the Virginia Electric Power Company. Surry is a three-loop plant; the reactor coolant system 
has three U-tube steam generators and three reactor coolant pumps. The containment and balance of plant 
were designed and constructed by Stone and Webster. Commercial operation of Unit 1 began in 1972. 

Emergency ac power at the site is supplied by three diesel generators (DGs). One DG is aligned to Unit 1, 
the other to Unit 2, and the third DG functions as a swing diesel which can be aligned to either unit. 
Emergency dc power is supplied by separate battery banks at each unit. The DGs have their own separate 
set of batteries for starting power. The auxiliary feedwater (AFW) system has three trains. Two trains have 
electric pumps, the third train has a steam turbine driven pump. The condensate storage tank provides suction 
for the AFW system. The chemical volume and control system has three charging pumps which also serve as 
the high-pressure injection (HPI) pumps. There are two low pressure injection (LPI) pumps. Both the HPI 
and the LPI systems can function in the injection or recirculation mode. In the injection mode, they take 
suction from the refuelingwater storage tank (RWST) while in the recirculation mode they take suction from 
the sump. A more detailed description of the safety injectionhecirculation systems is provided in sections 
4.2.2.1 and 4.2.2.2 below. Surry also has three accumulators which provide a source of immediate, low- 
pressure, high flow injection. 

Overpressure protection for the reactor coolant system is provided by three code safetyhelief valves (SRV) 
and two power operated relief valves (PORV). Surry has an unique service water system which is supplied 
by gravity flow from an elevated canal. The canal is continuously supplied by river water from the Jamestown 
river through electric pumps. If ac power is lost, the service water canal will drain in about 30 minutes unless 
a large number of valves are closed manually. 

The Surry containment is a reinforced concrete cylinder with a hemispherical dome. The free volume of the 
containment is 1.8 million cubic feet and the design pressure is 45 psig. A welded steel liner covers the inner 
surface of the containment and forms the pressure boundary. A section of the Surry containment is shown 
in Figure 4.1. Due to design conservatisms, realistic estimates of the loads needed to fail the containment are 
between two and three times the design pressure. The mean of the distribution for the failure pressure of the 
Surry containment provided by the expert panel in the NUREG-1150 study was 126 psig. During full-power 
operation, the Surry containment is maintained at a sub-atmospheric pressure of about 10 psia, i.e., about 5 
psia below ambient atmospheric pressure. This feature and the Technical Specifications prevent plant 
operation much in excess of this pressure therefore the probability of pre-existing leaks and isolation failure 
during normal operation is extremely low. 

Cooling of the containment is normally provided by fan coolers which are not safety grade and will be partially 
submerged if the sump is filled with water. Emergency cooling of the containment is provided by the 
containment spray systems (CSS). The CSS is described in more detail in section 4.2.4 below. Another 
feature of the Surry containment at a low elevation is that there is no connection between the sump and the 
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reactor cavity. If a pipe break occurs, the water will flow to the sump. The cavity remains dry unless the 
containment sprays operate. 

The general description given above indicates the main plant systems available during full power operation 
at Surry. However, during shutdown the plant is configured differently than during full power operation and 
some of the systems described above will not be available. 

4.2 Plant and System Configura5on During Mid-loop Operation 

Three mid-loop operating states were identified and analyzed in the level 1 analysis (refer to volume 2 of this 
report); two mid-loop operating states during refueling outages (one early in the outage during cooldown using 
the residual heat removal (RHR) system and the other later after completion of refuelinrr), and another mid- 
loop operating state during the cooldown period of a drained maintenance outage. A detailed analysis of plant 
systems, their response to various accident initiators and their status in accident sequences leading to core 
damage are contained in Volume 2 of this report.' In this volume, the focus is on those plant systems and 
features which are important to the progression of the accident and to the possible releases to the containment 
and the environment following core damage. Accident progression can be influenced by the status of the 
reactor coolant system, recovery of coolant injection systems, containment integrity, containment spray systems 
and cavity flooding. These systems and plant features during mid-loop operation are described in the following 
sections. 

4.2.1 

The reactor coolant system (RCS) is at low pressure during mid-loop operation as soon as the plant is placed 
in the RHR entry level condition. This implies that potential accidents during mid-loop operation will not 
involve any high pressure sequences such as those modeled in the full power PRA. Also during mid-loop 
operation the relief valves in the pressurizer are open connecting the pressurizer to the pressurizer relief tank 
which is vented to the process vent system. The vessel head vent is connected to the discharge side of the 
through piping that consists of a section of tygon tube which can withstand about 40 psia of pressure. 
Additionally, the safety valves could be removed for maintenance during mid-loop and a temporary partition 
placed on the opening. This creates the possibility of a direct vent path into containment for any released 
fission products in the event of any accident, These features of the RCS during mid-loop operation have been 
incorporated in the accident progression event tree described in Chapter 6. 

Status of the Reactor Coolant System 

4.2.2 Emergency Core Cooling Systems (ECCS) 

The ECCS at Surry consists of the High Pressure Injection/Recirculation (HPIHPR) system and the Low 
Pressure Injection/Recirculation (LPILPR) system. ECCS is important to the accident progression because 
for some plant damage states it could be restored after the start of core damage. If the ECCS is restored 
while the damaged core is still in the reactor vessel it may be possible to terminate the accident prior to vessel 
meltthrough. A relatively high probability of terminating the accidents invessel was estimated in the accident 
progression analysis for three out of the four plant damage states. If the core debris has melted through the 
vessel and is attacking the reactor cavity restoration of the ECCS will supply water to the cavity and flood the 
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core debris. A flooded cavity could terminate the core-concrete interaction and considerably mitigate the 
associated source term. If core-concrete interactions continue, flooding of the cavity would lead to a scrubbing 
of the fission product release. The possibility of flooding the cavity is also incorporated in the accident 
progression analysis described in Chapter 6. 

4.2.2.1 High Pressure InjectiodRecirculation System 

The Surry high pressure injectionhecirculation (HPI/HPR) system consists of three centrifugal charging pumps 
and associated piping and valves. Following an accident, the charging pumps are used to provide primary 
coolant injection and recirculation as well as maintain flow to the RCP seals. The charging pumps are one 
of the three major components of the Safety Injection (SI) System. The other two components are 
accumulators and low pressure injection pumps. The primary purposes of the SI system are: (i) to inject 
borated water into the RCS to flood and cool the core following a LOCA, and (ii) to remove heat from the 
core for extended periods of time following a LOCA. The HPI system also functions to deliver boric acid to 
the RCS from the boric acid transfer system if emergency boration is required. The HPI/€€PR system provides 
coolant makeup, early and late core heat removal or emergency boration for reactor shutdown. 

The suction source of the charging pumps in the high pressure injection mode is the RWST. Before the 
contents of the RWST are exhausted, the Engineered Safety Features (ESF) system automatically initiates a 
recirculation mode transfer (RMT) signal. The operator can also terminate the injection mode and initiate 
the recirculation mode by manually repositioning the required valves. In the recirculation mode of operation, 
the HPR is used to provide core heat removal late in an accident sequence. The charging pumps draw suction 
from the discharge of the low pressure safety injection pumps in the low pressure recirculation (LPR) system. 

To minimize the possibility of accidentally overpressurizing the RCS, technical specifications require that 
whenever the average temperature of the core is less than 350°F, the following charging pump conditions must 
be maintained: (i) a maximum of one charging pump operable; and (ii) two charging pumps must be 
demonstrated inoperable at least every 12 hours by verifying that their circuit breakers are racked out or that 
their control switches are in the pull-to-lock position. The surveillance requirements specify that a complete 
systems test be performed during refueling shutdown to demonstrate correct response to an activation of the 
safety injection signal. The HPI/HPR system configuration at shutdown, including mid-loop operation, is 
discussed at length in Volume 2 of this report.' 

4.2.2.2 Low Pressure InjectiodRecirculation System 

The low pressure injectionhecirculation (LPILPR) system provides emergency coolant injection and 
recirculation following a loss of coolant accident (LOCA) when the reactor coolant system (RCS) 
depressurizes below 180 psig. In the injection mode, the LPI system takes suction from the RWST. In the 
recirculation mode, the LPR system is aligned to take suction from the containment sump. During the 
recirculation mode following drainage of the RWST to a low-low level, the LPR discharge also provides the 
net positive suction head (NPSH) for the high pressure recirculation system. 

The LPILPR system consists of two 100% capacity pump trains. During normal plant operations, the low 
pressure injection pumps are in standby, lined up to pump borated water from the RWST to the RCS cold 
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legs. Each LPI pump has a capacity of 3250 gpm at a temperature of 300°F and a pressure of 300 psig with 
a design head of 225 ft. Actual pump capacity, however, depends on pump discharge pressure. 

Technical specifications require that the pumps, piping, valves, etc. of the LPILPR system be operable at all 
times. A detailed description of the LPI/LPR system configuration in the shutdown POSs, including mid-loop 
operation, is contained in Volume 2 of this report.’ 

4.2.3 Containment Configuration During Mid-Loop Operation 

At the inception of the Abridged Study, the status of containment isolation during mid-loop operation was 
raised with VEPCO staff during a visit to Surry. At that time it was determined that while containment was 
considered “ c l o ~ e d ~ ~  during mid-loop operation, what closure meant was that all penetrations were isolated 
from the outside, some with temporary barriers, so that there is no airhapor exchange with the environment. 
However, “closure” in the above sense did not mean that the containment was capable of withholding the 
pressure that could be generated during the course of a severe accident and prevent the release of fission 
products to the environment. The operating procedure checklist 1-OP-1G (Surry Power Station Unit 1 
Refueling Containment Integrity and RCS Mid-Loop Containment Closure Checklist), which was acquired 
from Surry staff on this visit, had as its objective the achievement of containment integrity in the above- 
mentioned sense of an airhapor barrier not the design pressure capability. The containment closure procedure 
and closure time mentioned in the January 6, 1989 letter of VEPCO to NRC in their response to Generic 
Letter GL87-12 were also the procedures and times required to achieve containment isolation in the sense of 
no airhapor exchange with the environment. 

The difference in containment configuration between normal operation and POS 6, mid-loop operation, of 
the refueling outage appears to be that during the refueling outage there is a temporary plug in place where 
the emergency escape trunk is usually installed during normal operation. This is shown schematically in Figure 
4.2. The temporary plug was estimated to have only a 3 psi overpressure capability. In normal operation, the 
escape trunk is installed with the O-rings in place in the interface with the equipment hatch to achieve the 
design pressure capability. 

Based on these considerations, it was assumed in the Abridged Study (refer to Chapter 2 of this report) that 
for accidents initiated during mid-loop operation which progressed to core damage the containment would leak 
to the environment from the start of a release into containment. The leak was assumed to take place through 
the temporary plug in the equipment hatch. 

Recognizing perhaps the potential problems regarding containment status during low power and shutdown 
operation, the Surry staff have developed additional procedures to address the concerns about the closure of 
the containment during POS 6 or shortly after the initiation of an accident during shutdown operation. 
According to the most recent Surry procedures, one of the minimum equipment requirements for forced feed 
and bleed (feed and spill) cooling is containment isolation (Surry Procedure 1-OSP-ZZ-004). The procedure 
for containment isolation is provided by Surry Operations Surveillance Procedure 1-OSP-CT-214, Containment 
Closure for Reduced or Potentially Reduced RCS Inventory Conditions. The procedure provides instructions 
for the preparation, implementation, and documentation of containment closure activities and indicates that 
it should be carried out before commencing to drain the RCS to a reduced or potentially reduced inventory 
condition with fuel in the reactor vessel. The procedure lists all the containment penetrations that need to 
be closed. A single barrier containment isolation is required. However, some penetrations that are required 
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for normal operation of the plant may not be isolated during containment closure. The procedure states that 
valves associated with these penetrations that are in the open position for normal plant operation should be 
noted as such, but should not be considered as a containment closure discrepancy. Discrepancies that would 
prevent the achievement of a containment pressure capability of 45 psig are treated as Containment Closure 
Concerns. One action that may be taken to resolve a Containment Closure Concern is to implement the use 
of an acceptable barrier to meet Pressurized Containment Isolation: i.e., metal flanges are sealed with red 
rubber gaskets, bolting material, and torqued to specifications capable of retaining a pressure of 45 psig. 
There is no discussion in these procedures about what kind of leak tightness is required (or expected) or how 
it can be assured (e.g. through a leak test) if such a capability exists. 

Because only a single barrier is specified, and there exists the possibility that temporary barriers are used for 
some penetrations, it is likely that the leak tightness and the pressure capability of the containment during 
POS 6 will not be as good as during normal power operation. On the other hand, if the above procedure 
succeeds in isolating the containment during POS 6, leaks from the containment atmosphere in accident 
conditions, and thus the fission product release, to the outside environment may be significantly reduced. 

In addition to the questions about the leak tightness and the pressure capability of the containment, the 
probability of achieving containment isolation* within the time frame of interest in the presence of degraded 
containment conditions is another issue which is not addressed by the above procedure. 

Since containment status during shutdown is, perhaps, the single most important feature of the plant which 
affects risk, additional questions on the procedure 1-OSP-CT-214 were addressed to the Surry staff to clarify 
its scope and intent. The first question was whether implementation of the “single barrier pressurized 
Containment Isolation” procedure 1-OSP-CT-214 implies that “the containment is completely isolated during 
all phases of reduced inventory condition?” Surry staff were also asked a second question related to the 
pressure capability of the containment under the “single barrier containment isolation condition” specified in 
the procedure and asked if this capability, for both the design and the ultimate capability, was similar to that 
established for Surry by the NUREG-1150 study (during normal full power operation). 

Surry’s response to the first question was that the 1/2-OSP-CT-214 procedure “does not ensure that the 
containment is completely isolated during all phases of reduced inventory conditions.’’ It was pointed out 
that, under the proposed procedure, the isolation barrier requiring the bulk of the closure time and the 
resources, the equipment hatch and the escape trunk, would be installed prior to entering reduced inventory 
and that the procedure “ensures that the majority of the remaining penetrations are closed or capable of being 
closed by a single isolation barrier (i.e. containment isolation valves) from the main control room”. It was also 
mentioned that “penetrations, which are not or cannot be isolated from the main control room, are listed as 
discrepancies”. However, the statement that the discrepancies would be isolated (by a containment closure 
team established prior to entering reduced inventory) “in case of an event” coupled with the inability to 
provide an estimate of the time required to resolve discrepancies and reestablish containment closure leads 
to some uncertainty about the level of assurance provided by the Surry response, despite the assertion that 
“any required reestablishment of containment closure should be performed well within the time to core 
uncovery recommended by Technical Report 865.” Regarding the second question, Surry noted that “As an 
aIternative to the escape hatch, a preliminary design for a new barrier is being considered” which would be 

* There will be open penetrations that need to be closed after accident initiation. These penetrations include 
those that are required for normal plant operation during containment closure. 
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capable of withstanding 45 psig. It is not clear why a new barrier design is needed (to address the 
closure/isolation concerns) if the existing barriers can isolate containment “well within’’ the time frame of 
relevance to the accident. 

Given this uncertainty, particularly the fact the new procedures may still be evolving, it seems prudent to 
model the probability of pre-existing leakage (as assumed in the Abridged Study) and the containment failure 
pressure as an uncertainty parameter and perform sensitivity analysis to evaluate the impact of different 
assumptions regarding containment status. The assumptions made in this regard are described in more detail 
below in Chapter 6 where the accident progression event tree is developed. 

4.2.4 Containment Spray System 

4.2.4.1 Containment Spray Injection System 

Containment heat removal in an emergency at Surry is by means of the containment spray system (CSS) in 
the injection mode. The containment spray injection system provides initial cooling of the containment 
atmosphere following an accident which can pressurize the containment, for example a LOCA. The CSS 
pumps take suction from the refueling water storage tank (RWST), which is filled with chilled (45°F) borated 
water, and spray it inside the containment to condense the steam. Containment sprays also provide a 
mechanism for scrubbing fission products from the released inventory. The Technical Specifications require 
that the RWST contains between 387,100 and 398,000 gallons of 2300-2500 ppm borated water chilled to at 
least 45°F. 

The containment spray system consists of two 100% capacity trains. Each train is connected to a separate 
spray ring, and there is an additional ring shared by both trains. The spray pattern from the rings covers about 
73% of the containment atmosphere. 

4.2.4.2 CSS Configuration During Mid-Loop Operation 

The requirements on the availability of the CSS apply when the RCS temperature and pressure is in excess 
of 350°F and 450 psig, respectively. There are no requirements below these limits. When the reactor is 
operating at power, both CSS trains must be operable. 

Considering the operating parameters of mid-loop operation, there are no Technical Specifications which 
require CSS to be available during this plant operational state. Discussions with Surry personnel indicated, 
informally, that the probability of at least one train of CSS being available was likely to be fairly high, on the 
order of 70 percent. Accordingly, spray availability was treated as an uncertainty parameter in the 
development of the Surry MET in Chapter 6. If CSS is available during POS 6, it would have to be manually 
actuated since automatic actuation is not available at RCS temperature below 350°F. 

4.2.43 Recirculation Spray System 

The Inside Spray Recirculation (ISR) and the Outside Spray Recirculation (OSR) systems provide the long 
term containment cooling and pressure reduction following an accident. At Surry, these systems also provide 
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long term core cooling after the accident. Each of the recirculation spray systems, ISR and OSR, contains 
two independent pump trains. Each train takes suction from the containment sump and discharges through 
a separate heat exchanger. There are four heat exchangers, one for each train. The heat exchangers are 
cooled by service water. Each ISR or OSR train has a separate 180 degree spray ring so there are a total of 
four spray rings for the recirculation sprays. Two recirculation spray trains, in any combination, are sufficient 
to provide long term cooling following a loss of coolant accident (LOCA). 

The ISR pumps are located inside the containment and are qualified for the harsh post-accident environment. 
They provide about 3500 gpm of flow. The OSR pumps are located outside the containment and also provide 
about 3500 gpm of flow each. The recirculation spray systems depend on either the CSS or the ECCS 
injection system to provide sufficient inventory of water in the sump for their operation and on the service 
water system for the ultimate heat sink. The requirements on the ISR and OSR systems are for RCS 
temperatures and pressures in excess of 350°F and 450 psig, respectively. Above these limits, all four trains 
must be available. There are no requirements below these limits. 

43.4.4 Recirculation Spray System Configuration During Mid-Loop Operation 

There are no Technical Specifications for ISR and OSR systems below the above limits of 350°F and 450 psig, 
which are the operational parameters in POSs 3-13. Thus it is possible that neither of the recirculation spray 
systems, ISR or OSR, would be available during mid-loop operation. In discussions with Surry plant personnel 
it was indicated, informally, that the likelihood of availability of at least one train of either ISR or OSR is high 
( about 70%) during shutdown. 

4.2.5 Reactor Cavity 

The reactor cavity at Surry is normally dry as all water in the containment drains to the sump and there is no 
connection between the sump and the cavity. This feature of the Surry cavity has important implications for 
the progression of severe accidents and the source terms where the vessel is breached and core-concrete 
interactions occur. The only way for the cavity to have water is either if the containment sprays operate or 
if core injection is recovered after vessel breach. This feature has been incorporated in the accident 
progression event tree described in Chapter 6. 

4.3 References 

1. Chu, T. L., et al., “Evaluation of Potential Severe Accidents During Low Power and Shutdown Operations 
at Surry Unit-1: Analysis of Core Damage Frequency from Internal Events During Mid-loop Operations,” 
Brookhaven National Laboratory, NUREG/CR-6144, Volume 2, June 1994. 
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5 ACCIDENT FREQUENCY ANALYSIS INTERFACE 

The analysis' of the core damage frequency (level 1 PRA) for accidents during mid-loop operation is 
presented in Volume 2 of this report. Volume 2 contains a detailed description of the characteristics of the 
operational states of the plant during mid-loop operation and describes the initiating events considered. An 
analysis of the plant's response to the initiating events (including human actions) and the calculation of the 
frequency of the sequences leading to core damage is also presented. A summary of the core damage 
frequency analysis is given in Section 5.1 below. The way in which the different accident sequences that can 
lead to core damage are interfaced with the accident progression analysis is discussed in the remainder of this 
Chapter. The accident sequences are binned into plant damage states which have the characteristic that all 
sequences in a given plant damage state behave in a similar manner during the subsequent accident 
progression. The starting point for the accident progression analysis is therefore defining the plant damage 
states and calculating their frequency. The characteristics of the plant damage states are described in section 
5.2. The calculation of their frequency is presented in section 5.3. 

5.1 Summary of Level 1 Core Damage Accidents 

5.1.1 Definition of Plant Outage Types and Operational States 

The initiating events and systems analysis performed for Surry Unit 1 in the Level 1 analysis included all 
operational modes at less than 15% power defined in the Updated Surry Final Safety Analysis Report. Seven 
operational modes are defined in the Surry Technical Specifications in terms of reactor criticality, reactor 
power, temperature, and pressure; five of these, refueling shutdown, cold shutdown condition, intermediate 
shutdown condition, hot shutdown condition, and refueling operation refer to low power and shutdown 
conditions. 

Four different types of outage were considered in the Level 1 analysis: refueling, drained maintenance, non- 
drained maintenance with the use of the residual heat removal (RHR) system, and non-drained maintenance 
without the use of the RHR system. Each outage type is further subdivided into phases defined by the 
following parameters: Frequency, Plant Configuration, System Availability, Shutdown Activities, Time to Core 
Uncovery, Maintenance Unavailability, Reactor Coolant System (RCS) Integrity, Containment Integrity, 
Reactivity, Reactor Coolant Temperature, Reactor Coolant Pressure, Reactor Vessel Level, Time after 
Shutdown and Duration. The phases are described as plant operating states (POSs). Each outage type is 
characterized by a number of POSs, the time spent in each POS (a variable determined from plant operating 
records), and the activities carried out in that POS. The refueling outage, for example, is characterized by 
15 POSs as follows: 

POS 1: Initiation of low power operation (10-15% power level) proceeding to hot shutdown (Average Core 
Temperature = 547"F, RCS pressure = 2235 psig). 

POS 2: Cooldown with Steam Generators (SGs) to 345°F. 

POS 3: Cooldown with RHR system to 200°F. 

POS 4: Cooldown to ambient temperatures using RHR system. 

Vol. 6, Part 1 5-1 NUREG/CR-6144 



5 Accident Frequency Analysis Interface 

POS 5: Draining the RCS to Mid-Loop. 

POS 6: Mid-Loop Operation. 

POS 7: Fill for Refueling. 

POS 8: Refueling. 

POS 9: Draining RCS to Mid-Loop after Refueling. 

POS 10: Mid-Loop Operation after Refueling. 

POS 11: Refill RCS completely after Mid-Loop Operation. 

POS 12: RCS Heatup Solid and draw Bubble. 

POS 13: RCS Heatup to 350°F. 

POS 14: Startup with SGs. 
POS 15: Reactor startup and Low Power Operation. 

For a drained maintenance outage, POSs 7 through 10 given above would not be applicable. To provide a 
perspective on the amount of time spent in each of the above POSs, Table 5.1 shows the average duration of 
each POS for the four outage types based on 1985-1989 plant data. 

5.1.2 Mid-Loop Operation POSs 

Mid-loop operation occurs when the reactor coolant level is drained to the mid-plane of the hot leg. Three 
mid-loop operation POSs were considered in the accident frequency analysis (refer to Volume 2 of this 
report). These are POS 6 and POS 10 of a refueling outage, and POS 6 of a drained maintenance outage. 
In POS 6 of a refueling outage, mid-loop operation is used to perform eddy current testing of the SG tubes, 
while in POS 6 of drained maintenance it is used to carry out needed maintenance. 

In mid-loop the pressurizer power-operated relief valves (PORVs) are open connecting the pressurizer to the 
pressurizer relief tank (PRT) which is vented to the process vent system through a 3/4 inch line. The vessel 
head vent is connected to the discharge side of the PORVs through piping that consists of a section of tygon 
tube which can withstand a pressure of about 40 psia. 

During mid-loop operation, based on past practice, there is a possibility that one or more of the reactor loops 
would be isolated. A review of past data showed that during refueling outages, the loops were isolated prior 
to reaching POS 6 in one case, and during POS 6 in the other cases. The loops remained isolated until POS 
12 was entered, so that all three loops were isolated completely in POS 10. In drained maintenance, on the 
other hand, one loop is typically isolated. Loop isolation has a very important impact on the ability to use 
the steam generators to remove decay heat (reflux cooling) in the case of loss of the residual heat removal 
(RHR) system during mid-loop operation. If the loops are isolated, reflux cooling is not available as a means 
of controlling the accident. 

One important difference between the various mid-loop POSs (in different outage types) is the time after 
shutdown that the POS occurs and the duration of the POS. These times determine the decay heat level 
which, in the event of an accident, strongly influences the time of the subsequent accident progression. The 
t h e  after shutdown at which the accident occurs also strongly influences the fission product inventory 
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potentially available for release if the fuel is damaged. These times, therefore, play a key role in all aspects 
of the risk analysis. Past outage data at Surry were analyzed to determine distributions of the time to reach 
mid-loop and the duration of mid-loop operation. Details of the statistical analysis performed are given in 
Appendix D of Volume 2 of this report. Four statistical measures @e., mean, 5th, 50th, and 95th percentile) 
of these distributions are given in Tables 5.2 (time to reach mid-loop) and 5.3 (duration of mid-loop). These 
times vary over a wide range; the duration of POS 10, for example, ranges from less than 6 hours to over 2500 
hours with a mean of 444 hours. This range greatly affects the evolution of the accident and the likelihood 
of recovery. The duration times given in Tables 5.1 and 5.3 are different because in Table 5.1 the times are 
simple averages of the data whereas the mean times in Table 5.3 were obtained by fitting distributions to the 
data. 

A review of past data also showed that during mid-loop operation in a refueling outage the safety valves on 
the pressurizer were removed for maintenance (sometimes for extended periods). This removal opens a large 
vent in the RCS. In the event of an accident this vent would allow relief of system pressure and makeup from 
the refueling water storage tank (RWST). However, it would make reflux cooling impossible due to loss of 
inventory through the opening. In the accident progression following core damage, the removal of the safety 
valves also implies the RCS would be at low pressure during the various accident scenarios and that a direct 
path would exist from the vessel to the containment for the release of fission products. Safety valves are not 
removed during POS 6 in a drained maintenance outage. 

The practice of using mid-loop operation during outages appears to be changing at Surry. In the most recent 
refueling outage Unit 1 avoided mid-loop operation. The core damage frequency analysis in Volume 2 of the 
report is based on past practice and does not reflect the most recent outage. It is not clear to what extent the 
plant can completely avoid going to mid-loop in future outages. 

5.1.3 Description of Time Windows 

The time to enter mid-loop and the average duration of mid-loop operation are important parameters, which 
have a large impact on the probability of recovering from the accident. The criteria used for success of the 
safety systems to prevent core damage differ depending on the decay heat level, which is a function of the time 
that the accident occurs after shutdown. These times also have a significant impact on the progression of the 
accident and on possible releases and the consequences. In order to incorporate these times formally into the 
analysis, a “time window” approach was developed. This approach is based on dividing the distribution of 
times shown in Tables 5.2 and 5.3 into sub-periods called “windows”. A total of four time windows after 
shutdown were defined in the accident frequency analysis. Tdble 5.4 shows the definition of the time windows. 
The information in Table 5.4 was reproduced from a more detailed description of the time windows given in 
Volume 2 of this report. For POS 6,  in both refueling and drained maintenance outages, all four windows 
were applicable; for POS 10 only windows 3 and 4 were applicable. 

Each window is characterized by a time interval (measured from the time of reactor shutdown), and a 
representative level of decay heat, which corresponds to the mid-point of the time interval. The decay heat 
then determines subsequent parameters such as the time to boiling if the RHR system is lost, the time to 
reach various pressures which will challenge sub-systems such as the (temporary) tygon tubing, and the 
pressurizer relief tank (PRT), time to core uncovery and eventually core damage. These times are displayed 
for each time window in Table 5.4 The definition of time windows used in the accident progression analysis 
was also used in the definition of the plant damage states, and the accident progression event tree. 
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5.1.4 Summary of Initiating Events 

Initiating events were identified in the Level 1 analysis by reviewing relevant studies and Surry operating 
procedures and searching licensee event reports. Initiating events that are specifically applicable to mid-loop 
operation include: loss of RHR, loss of offsite power, loss of 4 kV bus, loss of vital bus, loss of outside 
instrument air, loss of component cooling water, loss of emergency switchgear room cooling, inadvertent safety 
feature actuation, and boron dilution events. The most important initiator both in terms of frequency and its 
impact on the accident analysis is the loss of RHR, followed by loss of offsite power and loss of a 4 kV 
emergency bus. 

5.1.5 Human Reliability Analysis 

Human error events modeled in the Level 1 analysis included pre-accident errors and post-accident errors. 
The former were partly adopted from the full power study2 performed for Surry, while the latter were 
specifically developed in the Level 1 analysis through a detailed definition of the event scenario, required 
actions and the factors which affect operator action. The success likelihood index methodology3 (SLIM) was 
used to derive human error probabilities based on a qualitative evaluation of the actions and parameters 
affecting operator performance, the performance shaping factors (PSFs). Human errors modeled included 
failure to diagnose and failure to take action. 

5.1.6 Accident Sequence Quantification and Results 

The accident frequency analysis for mid-loop operation is presented in Volume 2 of this report. The results 
are summarized here to give a perspective on the subsequent accident progression analysis. A more detailed 
discussion including consideration of uncertainties is given in Volume 2, Accidents initiated in POS 6 in both 
drained maintenance and in refueling outages are the most important contributors to the mean core damage 
frequency. Accidents initiated in POS 10 were estimated to have an order of magnitude lower mean core 
damage frequency than accidents in POS 6. This result is expected because POS 6 occurs much earlier in an 
outage than POS 10 so that less time would be available for recovery actions and thus the core damage 
frequency should be higher in POS 6. The Level 1 analysis generated a total of 2186 core damage cutsets with 
frequencies greater than the truncation limit of per year. All cutsets with frequencies above lo-'' per year 
were incorporated into the plant damage state analysis. 

5.2 Plant Damage State (PDS) Characteristics 

Information about the many different accidents that lead to core damage is passed from the core damage 
frequency analysis to the accident progression analysis by means of PDSs. Because the accident progression 
analysis is similar for many of the cutsets identified in the core damage frequency analysis the 2186 cutsets 
were grouped together into a smaller number of plant damage states. The prime consideration when assigning 
a core damage accident cutset to a PDS is similarity in the progression of the accident in the vessel and in 
containment, and in ways to terminate the accident. Therefore all of the sequences binned into a PDS should 
have similar behavior following the uncovering of the core. 
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The plant damage states were identified by a seven-letter indicator that defines seven characteristics that 
largely determine the progression of the accident. For each characteristic possible attributes are discussed 
below: 

1. Time Window - The time window in which the accident occurs can be easily determined by the basic 
event names used. Attributes 1, 2, 3, or 4 are assigned depending on the time window in which the 
accidents occur. 

2. AC Power - This question determines whether or not recovery of offsite power after core damage can 
prevent further degradation of the condition. If core damage is caused by loss of offsite power, then 
it may be possible to re-establish injection after offsite power is recovered. 

~ 

Y: If AC power is available in the cutset, then recovery of offsite power is not relevant. 

U: This attribute is used when the initiating event is a loss of emergency switchgear room cooling 
and cooling is not recovered. For such cutsets, the loss of power is not recoverable and vessel 
breach is unavoidable. 

B: If the cutset represents a station blackout, then recovery of offsite power should restore power 
to the equipment that can be used to prevent vessel breach. Recovery of offsite power is 
characterized by the recovery curve given in Volume 2 of this report. 

F If the cutset involves a loss of the 4 kV Bus, then restoring power to the bus should restore 
power to the equipment needed to prevent vessel breach. The recovery of 4 kV bus is 
characterized by a different recovery curve than that of offsite power. 

3. Human Error - If the core damage is the result of human error, then with more time available after 
core damage and additional alarms as a result of core damage, it is possible that the operators could 
recover from the error and initiate safety injection to prevent vessel breach. The type of human error 
can be easily identified by the names of the human error events used. If the error is diagnostic then 
the attribute is “D”. If it is an action error is involved then the attribute is “ A .  If no human error or 
an unrecoverable human error is involved then the attribute is “ N .  

4. RCS Status at Onset of Core Damage - Based on the thermal hydraulic analysis described in Volume 
2 of this report, the RCS pressure could reach 600 psi if core damage occurs in time window 1 with only 
1 PORV open to relieve system pressure. This is a condition where the potential exists for direct 
containment heating (DCH) if the core debris melts through the reactor pressure vessel. For those 
window 1 cutsets in which the pressurizer safety valves are not removed, a letter “G” is assigned. For 
these cutsets, only two or less PORVs are potentially available to relieve the pressure. For all other 
configurations the RCS is expected to be at low pressure, which is designated by letter “L”. 

5. ECCS Status - This question determines the cause of failure of the emergency core cooling system 
(ECCS), which in turn influences the possibility for restoring safety injection to prevent vessel breach. 

U: This identifies hardware failure as the reason why ECCS is not available. Under these 
circumstances it is not possible to establish safety injection. 
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R. If the cause of ECCS failure is due to either human error, loss of offsite power, or loss of the 
4 kV bus, recovery from these events would allow coolant injection to prevent vessel breach. 

C: This indicates that ECCS fails during recirculation. The main cause of recirculation failure 
is plugging of the sump suction. Recovery of ECCS was considered unlikely under these 
circumstances. 

6. Recirculation Spray Status - The operation of the recirculation spray system can reduce the airborne 
fission product aerosol concentration in containment after core damage. The unavailability of the 
recirculation spray was determined by a set of basic events that were identified by reviewing the cutsets 
involving loss of recirculation spray. If the recirculation spray is recoverable then the attribute is “ R  
if the spray is unrecoverable then “U” is assigned. 

7. RWST Status - The RWST inventory is needed if the ECCS is recovered after loss of power or human 
error. The RWST would not be available for those sequences in which failure occurs in recirculation, 
gravity feed is successful, or use of the Unit 2 charging pump is successful. 

5.3 Plant Damage State (PDS) Results 

In this section the allocation of the cutsets to the plant damage states is described. Additional details on how 
individual cutsets were assigned to particular PDSs is given in Appendix A. Initially an algorithm was 
developed for assigning the cutsets to the various plant damage states using the characteristics discussed in 
Section 5.2. Designators within the cutsets were identified and matched with the alphanumeric descriptors 
of the PDS. A total of 48 PDSs were obtained when the algorithm was applied to the 2186 core damage 
cutsets. The Level 1 analysis generated 10,000 LHS observations using the IRRAS code! Each sample 
calculated a frequency for each of the 48 PDSs. The uncertainty ranges included in Appendix A for the 48 
PDSs are therefore based on 10,000 LHS observations. 

The 48 PDSs generated by the Level 1 analysis were regrouped into four PDS groups to be processed by the 
accident progression event tree analysis. The main consideration in regrouping was again the similarity of 
accident progression after core damage and for the convenience of the event tree logic. Appendix A indicates 
how the 48 PDSs were placed into four more general PDS groups. 

It was noted above that the distributions for the 48 PDSs were obtained using 10,000 LHS observations. It 
would be impractical however to use 10,000 observations for processing through the accident progression 
analysis and it was therefore decided to use 100 LHS observations. It was therefore necessary to regenerate 
the uncertainty ranges based on 100 LHS observations for the four PDS groups for input to the accident 
progression analysis. The uncertainty ranges for the four PDS groups obtained from the smaller number of 
observations are given in Table 5.5. The uncertainty ranges for the various time windows within each PDS 
group are also given in Table 5.5. 

The distributions obtained using 10,000 LHS observations differed slightly from the distributions based on only 
100 LHS observations. Four statistical measures for the core damage frequency obtained from both sets of 
observations are given below: 
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Core Damage Frequency Based 
on 10,000 LHS Observations 

Core Damage Frequency Based 
on 100 LHS Observations 

95th Percentile 1.5E-5 1.94E-5 

Mean 4.9E-6 4.2E-6 

50th Percentile 2.1E-6 2.OE-6 

I 4.8E-7 3.2E-7 5th Percentile 

One can see that the median values of the two distributions are close but that the mean values are further 
apart. This is to be expected because the means are more influenced by the tails of the distribution. However, 
the distributions are close and risk numbers obtained using the smaller number of observations should be 
valid. 

From an inspection of the information in Table 5.5 it is apparent that accident sequences in which the 
operators did not correctly diagnose the situation or take proper actions (plant damage state 2) were the 
largest contributor (approximately two-thirds of the total) to the mean core damage frequency for mid-loop 
operation. Table 5.5 also indicates that most of the accidents are predicted to occur in the earlier time 
windows. This is expected because less time is available for recovery actions in the earlier time windows. 

Each of the four plant damage state groups are briefly described below: 

PDS Group 1 consists of five blackout PDSs. The PDSs in this group contribute approximately 10% to the 
mean core damage frequency. The accidents belonging to this group are initiated by a loss of offsite power. 
The diesel generators fail to respond, causing a station blackout condition. Attempts are unsuccessful in 
restoring power in time to provide cooling before core damage. In some of the accidents, gravity feed and 
bleed delays the onset of core damage until the water in the RWST runs out. The recirculation and 
containment systems are not available due to the loss of power. In this PDS group, the dominant factor in 
the accident progression is the recovery of offsite AC power. 

PDS Group 2 consists of accidents attributable to human error. This PDS group contains 20 PDSs and is the 
largest contributor to the mean core damage frequency for accidents initiated by internal events during mid- 
loop operation at Surry. About two-thirds of all core damage accidents belong to this group. In this group 
operators either fail to diagnose the accidents or to take correct actions, following loss of core cooling due 
to some initiator. The progression of accidents is somewhat different depending on whether the human error 
is diagnostic or action. For example, if it is a diagnostic error, it was judged that the same error results in 
failure to recognize the need for isolating the containment. However, if the error is in action, it was judged 
that the containment would most likely be closed before core damage. In most cases, electric power and some 
core cooling systems are available. In this PDS group, the dominating factor in the accident progression is 
recovery from human errors. 

PDS Group 3 consists of accident sequences where core cooling is lost during recirculation. This group 
contains 17 PDSs and accidents in this group contribute about 18% to the mean CDF for Surry. The accidents 
in this group occur only in Time Windows 1 and 2. In Windows 3 and 4 core cooling does not require 
recirculation within 24 hours which is the mission time for the Level 1 analysis. In this group, core cooling 
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was successfully initiated and continued until the RWST was emptied; but the recirculation failed and the 
accident progressed to core damage. The leading cause of recirculation failure was found to be plugged 
suction from the sump. 

PDS Group 4 consists of accidents where core cooling is lost because of loss of the 4 kV bus. This PDS group 
contains six PDSs and contributes about 5% to the mean CDF. There are no occurrences of this PDS in 
Windows 3 and 4. The accidents in this group are similar to those of PDS group 1 (SBOs) except that 
accidents are initiated by loss of the 4 kV bus. This group is separated from Group 1 since the recovery 
probabilities are different. The progression of accidents in this group are similar to those in Group 1. 

5.4 
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2. 

3. 
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Table 5.1 Estimated Average Durations (Hours) of Plant Operational States 
(based on data from 1985-1989) 

Non-Drained Non-Drained 
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Table 5.2 Time to Mid-loop (hours) 

POS Mean 5th 50th 95th 
Percentile Percentile Percentile 

POS 6 191 72 168 389 
Refueling 

POS 10 2619 833 968 4828 

Table 5 3  Duration of Mid-loop (hours) 

POS Mean 5th 50th 95th 
Percentile Percentile Percentile 

POS 6 238 14 112 876 
Refueling 

Refueling 
POS 10 444 6 151 2586 

POS 6 
Drained 

Maintenance 

255 12 109 958 
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Table 5.4 Definition and Characterization of Time Windows* 

WINDOW 1 WINDOW 2 WINDOW 3 WINDOW 4 

I 75 hours Definition > 75 hours and 5 240 hours > 240 hours and I 32 days > 32 days 

Representative Decay Heat 13 MW (2 days) 10 MW (5 days) 7 MW (12 days) 5 MW (32 days) 

Time to Boiling 15 min. 20 min. 27 min. 37 min 

Time to n g o n  Tube 
Rupture 
(40 psia) 

23 min. 31 min. 43 min. 59 min. 

Time to PRT Rupture 
(100 psig) 

78 min. I 51 min. 63 min. 96 min. 

Time to 165 psia 352 min. with 2 PORV 
147 min. with 1 PORV 

41 min. with 2 PORV 
43 min. with 1 PORV 

63 min. with 2 PORV 
60 min. with 1 PORV 

227 min. with 2 PORV 
89 min. with 1 PORV 

Time to 615 psig - I 145 min. with 1 PORV I - 
Time to RWST Deuletion 38.6 hrs 10 hrs 13.5 hrs 18.7 hrs 

743 min. Time to AFW Initiation 
(with 25% SG inventory 
remaining) 

628 min. 669 min. 925 min. 

120 min. I 157 min. I 209 min. 273 min. Time to Core Uncovery 

Time to Core Damage 219 min. I 297 min. I 411 min. 557 min. 

*Reproduced from Table 5.4-2 in Volume 2 of this report. 
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Table 5.5 Distribution of Core Damage Frequencies for Each Time Window and PDS Group 
(per reactor year) 

PDS Group Time 5th 50th 95th 
Window Percentile Percentile Percentile Mean 

1 1 3.32E-9 4.67E-8 9.39E-7 1.98E-7 

(Station 2 3.11E-9 3.35E-8 7.81E-7 1.33E-7 

3 1.6OE-9 1.36E-8 2.0 0 E - 7 4.05E-8 

4 8.56E-10 1.07E-8 8.87E-8 2.38E-8 

Total 1.87E-8 1.20E-7 1.65E-6 3.95E-7 

Blackout) 

4 I 1 I 2.13E-9 I 3.86E-8 I 5.45E-7 I 1.33E-7 
~ ~~ ~~ 

(Loss of 2 2.22E-9 2.82E-8 4.21E-7 8.82E-8 - 
4 kV Bus) 3 0 0 0 0 

4 0 0 0 0 

Total 8.87E-9 8.88E-8 1.32E-6 2.21E-7 

Total 3.18E-7 1.99E-6 1.94E-5 4.22E-6 
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6 ANALYSIS OF THE ACCIDENT PROGRESSION 

The accident progression analysis starts with information received from the accident frequency analysis: 
frequencies and definitions of the plant damage states (PDSs). The results of the accident progression analysis 
are passed to the source term analysis and the risk analysis. The methods used in this accident progression 
analysis are similar to those used in the NUREG-11501 study. Details of the methodology and the results 
of the PRA performed for accidents during full power operation at Surry are presented in NUREG/CR-4551, 
VOl. 3.2 

The main tool for performing the accident progression analysis is an event tree. The Accident Progression 
Event Tree (APET) treats the progression of an accident from the onset of core damage to the release of 
fission products, if any, or a successful termination of the accident. The APET accounts for the physical 
processes occurring in the vessel and containment during the various accident sequences (such as hydrogen 
burning and direct containment heating), and the availability and status of various safety equipment which 
could be used to mitigate the severity of the accident (such as safety injection systems and containment sprays). 
The APET also accounts for the capability of the containment to retain the fission products under severe 
accident loads. A series of questions are asked which represent these events and phenomena. Each path 
through the APET defines a unique accident progression path that potentially could give rise to the release 
of fission products. The number of questions in a APET can vary, depending on the details desired, and the 
number of relevant, important phenomena to be modelled. 

The APET is not meant to be a substitute for detailed, mechanistic codes, rather it forms a high-level model 
of the accident progression. The APET is an integrating framework for synthesizing the results of these codes 
together with expert judgment on the strengths and weaknesses of the codes. In this way, the full diversity 
of possible accident progressions can be considered and the uncertainty in the many phenomena involved can 
be included. The MET was evaluated by the computer code EVNTRE? 

The following section contains an overview of the APET used for this study. Details, including a complete 
listing of the APET and a discussion of the possible outcomes to each question, may be found in Appendix 
B of this report. Section 6.2 summarizes how the APET is quantified. It explains how the many numerical 
values for branching ratios and parameters were obtained. Section 6.2 also lists the variables that were 
sampled in the accident progression analysis for Surry shutdown study. A brief summary of supporting 
deterministic calculations is provided in section 6.3. Section 6.4 describes the binning process and the binning 
characteristics. The results of the accident progression analysis for each PDS and “Time Window” are 
presented in Section 6.5. 

6.1 Description of the Accident Progression Event Tree 

In constructing the APET for Surry during mid-loop operation, extensive use was made of the results of the 
accident progression analysis for the Surry plant2 carried out for the NUREG-1150 program, which was a PRA 
of the plant at full power. The NUREG-1150 study showed that the major cause of fission product release 
was from accidents in which the containment was bypassed, followed by basemat melt-through (BMT) by the 
molten core debris. The study indicated that phenomena such as direct containment heating (DCH) or steam 
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explosions were not important contributors to the estimated probability of containment failure and the 
eventual release of fission products. Nor did hydrogen burning or gradual pressurization of the containment 
significantly contribute to the containment failure. Thus, an important finding of the full power study was that 
once the Surry containment boundary is closed, the containment retains the fission products most of the time 
(except for very late basemat melt-through) even when excessive core damage occurs. For accidents during 
low power and shutdown operation the decay heat is significantly less, the reactor pressure is generally low 
and the pressure generated in the containment is lower than for accidents occurring at full power. Therefore, 
early containment failure modes such as DCH and hydrogen burning could be excluded in the low power and 
shutdown risk study if the capability of the containment to hold pressure is the same as that of full power. 
However, since the containment was assumed to leak at pressures above 45 psig in this study while the full 
power risk analysis was based on a containment failure pressure of 126 psig as discussed in section 4.2.3, 
containment failure caused by such phenomena as DCH and hydrogen burning could not be eliminated from 
this study based on the results of the full power analysis. Therefore, these failure modes are included in the 
MET in this study. 

The APET for this study contains 40 questions while the full power study has 71 questions. Table 6.1 lists the 
40 questions used in the Surry APET for accidents during mid-loop operation. The complete listing of the 
APET and a discussion of each question is found in Appendix B. The M E T  for mid-loop operation is largely 
based on the N E T  of the NUREG-1150 full power study. It was modified to reflect the conditions during 
mid-loop operation by removing some questions and adding several questions pertinent to the shutdown 
conditions. 

Some of the modifications made to the NUREG-1150 APET to reflect the conditions during mid-loop 
operation are listed below: 

Questions on fan coolers were removed. They were not relevant even in the full power study. 

Questions on accumulators were removed; accumulators are blocked out during mid-loop operation. 

3) Questions on Interfacing Systems LOCAs were removed; the level 1 analysis4 does not have these 
sequences. 

A question on scram was removed since the reactor has already been successfully shutdown. 

Questions concerning steam generator tube ruptures and heat removal by the steam generators were 
removed. Level 1 results do not include steam generator tube rupture sequences. Failure of heat 
removal by steam generators is already considered in the level 1 analysis. 

Several questions on temperature-induced reactor coolant pump seal failure and other breaks were 
removed. This phenomenon contributes to reducing the high pressure vessel failure probability. Since 
the majority of accidents initiated during the shutdown period are with the reactor vessel at low pressure 
(only a very small fraction of the accidents during Window 1 are at intermediate pressure) as discussed 
in the previous chapter (Section 5.2), these questions were considered not pertinent. 

7) Containment failure by the “rocket mode” were removed; this failure mode requires a high vessel 
pressure (2500 psi) which is not possible for accidents during mid-loop operation. 
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Containment failure by BMT was not included in the tree because MELCOR’ calculations showed that 
the rate of erosion of the basemat is very slow compared to the thickness of the basemat (refer to 
section 6.3). 

Containment failure by gradual overpressurization was not considered to be feasible based on MELCOR 
calculations which indicated very slow pressurization rates (refer to section 6.3). 

A question on the “Time Window” was added. 

Questions on the status of containment closure and containment pressure capability were added. 

Questions on human error and recovery from human error were added; human error is the largest cause 
of accidents during mid-loop operation in the level 1 analysis (Section 5.2). 

Questions on recirculation failure were added; failure of recirculation due to sump plugging is a 
significant cause of accidents during mid-loop operation in the level 1 analysis (Section 5.2). 

Questions on loss of a 4 kV bus and its recovery were added; loss of the 4 kV bus and the resultant loss 
of the injection pumps was found to be a significant cause of accidents during mid-loop operation in the 
level 1 analysis (Section 5.2). 

Since the results of the NUREG-1150 study indicated that the pressure generatedby hydrogen burning 
could be substantially above 45 psig, it was assumed that a large hydrogen burn would fail containment 
if it occurred (i.e., detailed calculations on the magnitude of the pressure generated during a hydrogen 
burn were not performed specifically for this study). The MET still includes questions on whether 
conditions exist for hydrogen ignition in the containment. 

The N E T  is broken into five time periods. The time periods are: 

Initial: 

Early: 

Intermediate: 

Late: 

Very Late: 

Questions 1 ,through 11 determine the conditions at the beginning of the accident. 

Questions 12 through 20 cover the in-vessel accident progression period up to the time of 
vessel breach (VB). 

Questions 21 through 25 determine the progression of the accident at and immediately after 
vessel breach (VB), including the possibility of containment failure at VB. 

Questions 26 through 37 determine the progression of the accident during core-concrete 
interaction (CCI). 

Questions 38 through 40 determine the accident progression in the period following CCI, 
including the possibility of containment failure due to hydrogen combustion. 

The time period applicable to each question for the M E T  is indicated in Table 6.1. The clock time for each 
period varies depending on the time window when the accident is initiated. The table below shows these time 

Vol. 6, Part 1 6-3 NUREG/CR-6144 



6 Analysis of the Accident Progression 

periods for each time window based on the results of MELCOR calculations. Details of the MELCOK 
calculations are provided in Appendix E. 

Accident Timing Used in the Surry APET for Each Time Window 
(Minutes Measured from the Start of the Accident) 

I Window 1 I Window2 I Window3 I Window4 
~ ~~ ~~~~~-~ 

End of Early Period 90 125 170 240 

Intermediate Period 216 300 364 530 
~~~~ 

End of Late Period 400 480 550 710 

Very Late 1440 1440 1440 1440 

Remarks 

Core damage 

Vessel breach 

PromDt CCI 

24 hrs 

6.2 Overview of the APET Quantification 

This section discusses the types of questions used in the APET and summarizes the quantification method. 

In addition to the number and name of the question, Table 6.1 shows how the questions were evaluated or 
quantified. If the question is sampled, the table also indicates how it is sampled, i.e., if the distribution is 
based on the distribution of frequencies of core damage accidents and PDSs provided by the level 1 analysis, 
assigned internally by BNL staff, from the electric power recovery distribution,’ from recovery distribution for 
human errors: or from a distribution provided by one of the expert panels of the NUREG-1150 study. The 
item sampled may be either the branching ratio or the parameters defined at that question. For questions 
which are sampled and which were quantified internally, the entry ZO in the sampling column indicates that 
the question was sampled zero-one, and the entry SF means the questions was sampled with split fractions. 
If the sampling column is blank, the branching ratios for that question, and the parameter values defined in 
that question, if any, are fixed. The branching ratios of the PDS questions change to indicate which PDS is 
being considered. Some of the branching ratios depend on the relative frequency of the PDSs which make 
up the PDS group being considered. These branching ratios can change for every sample observation, and 
may change for some PDS groups but not for others. If the branching ratios change from observation to 
observation for any one of the four PDS groups, SF is placed in the sampling column for the PDS questions. 
The abbreviations in the quantification and sampling columns of Table 6.1 are explained at the end of the 
table. 

Twenty-one variables, listed in Table 6.2, were sampled for the accident progression analysis. That is, every 
time the APET was evaluated by EVNTRE, the original values of these 21 variables were replacedwith values 
selected for the particular observation under consideration. These values were either based on the distribution 
of accidents provided by the level 1 analysis or selected by the LHS program’ from distributions that were 
defined before the APET was evaluated. As explained earlier, these distributions were determined internally 
or based on information provided by expert panels in the NUREG-1150 analysis. Some are branch fractions, 
others are parameter values used in the calculations such as pressure generated by DCH. Several variable 
listed were used to select the probability that off-site power will be recovered in a specified t h e  interval given 
that it was not recovered in a previous time interval, each with different start and end times, for each time 
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window. There are similar questions regarding recovery from loss of 4 kV bus or human errors. Additional 
information on the ranges of distribution of these variables can be found in Appendix B of this volume. 

6.3 Supporting Deterministic Calculations 

Several calculations were performed with the MELCOR code5 to support the determination of the various 
time windows and associated success criteria and also to help quantification of the MET.  Predictions of the 
MELCOR code were also used to compare against the source term distributions calculated by the SURSOR 
code (refer to Chapter 7). The MELCOR calculations are presented in Appendix E, which also includes 
detailed results for several possible accident scenarios during mid-loop operation. 

The major impact of the MELCOR calculations on the APET quantification relates to two potential 
containment failure mechanisms, namely basemat melt-through by the molten core debris and 
overpressurization of the containment by steam and noncondensible gases. 

6.3.1 Basemat Melt-through 

As noted above this failure mechanism was found to be a significant cause of fission product releases for 
accident during full power operation although the core debris was determined to penetrate the basemat very 
late in an accident sequence. However, the MELCOR calculations presented in Appendix E indicate much 
slower concrete erosion rates for accidents during mid-loop operation. This lower concrete erosion is caused 
by the relatively low decay heat for accidents during mid-loop operation. The erosion depth was calculated 
to be about 0.75 m (compared with a basemat thickness of 3 m) 30 hours after the start of an accident in time 
window 1 (the representative decay heat is highest in this time window). Even in the full power analysis, it 
was calculated to take several days to breach the basemat. Since the probability of not recovering some safety 
injection system in this time period is extremely small, it was determined that basemat melt-through is not a 
credible failure mode for accidents during mid-loop operation. 

6.3.2 Containment Overpressurization 

Overpressurization of the containment by steam and noncondensible gases was found to be not a credible 
failure mode for accidents during mid-loop operation also based on MELCOR calculations. This is true even 
if the containment is assumed to leak at pressures above 45 psig. Again the low decay heat levels associated 
with accidents during mid-loop operation means that the driving force for containment pressurization is also 
low and the rate of pressurization is very slow. Detailed results are presented in Appendix E. 

6.4 Description of the Accident Progression Bins 

As each path through the M E T  is evaluated, the result of that evaluation is stored by assigning it to an 
Accident Progression Bin (APB). The accident progression bins are the means by which information is passed 
from the accident progression analysis to the source term analysis. A bin is defined by specifying the attribute 
or value for each of 12 characteristics or quantities which define a certain feature of the evaluation of the 
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NET. The definition of APBs and the method of their assignment in this study is similar to those of the 
NUREG-1150 study except for one very important difference; an additional attribute was added to 
characterize the “Time Window”. The “Time Window” information is passed to the consequence calculation 
to account for the different fission product decay times. Table 6.3 lists the 12 characteristics of the APBs: 
the detailed listing of the attributes of these characteristics may be found in Appendix B. The binner, which 
follows directly after the M E T  is the data file which forms the input to EVNTRE, is also listed in Appendix 
B. Some of the bin characteristics such as steam generator tube rupture (SGTR) and reactor coolant system 
(RCS)-hole size are not relevant or significant for the mid-loop risk analysis, but were still included to match 
the requirement of the SURSOR code.’ The “Time Window” characteristic is not required by the SURSOR 
code but is passed to the consequence analysis. 

Characteristic 1 primarily concerns the time of containment failure. There are seven attributes. Four of these 
attributes concern the time of containment failure, two concern Event V, and one is for no containment 
failure. Interfacing systems LOCAs (Event V) were not applicable to mid-loop operation and therefore 
attributes A and B were not used. BMT and eventual overpressure failure due to the inability to restore 
containment heat removal in the days following the accident were the failures that occurred in the Final period 
in the full power study. These failure modes were determined to be not credible for accidents during mid-loop 
operation and therefore attribute F was not used. 

Characteristic 2 concerns the periods in which the sprays operate. The division into the nine attributes is a 
straightforward sorting out of the various combinations of time periods. The final time period is of little 
consequence for the fission product release, but it must be included because there are cases where the sprays 
operate only in this period and, for each characteristic, the binner must have a location in which to place every 
outcome. 

Characteristic 3 concerns the CCIs. There are six possibilities which cover the meaningful combinations of 
prompt CCI, delayed CCI, and no CCI, with the amount of water in the cavity. 

Characteristic 4 concerns the pressure in the reactor vessel before vessel breach; there are four levels. The 
pressures shown in parentheses are approximate pressures just before VB. The RCS pressures during most 
of the core degradation period for accidents in mid-loop were in the intermediate to low pressure range. 
Attributes A and B were therefore not used. 

Characteristic 5 concerns the mode of vessel breach; there are six possibilities, including no VB. 

Characteristic 6 concerns SGTR. Steam generator tube ruptures were not identified in the Level 1 analysis 
so that the attribute for this characteristic was always C. 

Characteristic 7 concerns how much of the core not in high pressure melt ejection (HPME) that is available 
to participate in the CCI. The fractions 0.30 and 0.70 divide the range into three portions. As the amount 
released at vessel breach is assumed to be high the fraction of the core available for CCI is set to medium 
when HPME occurs. 

Characteristic 8 concerns the amount of the core zirconium which is oxidized in-vessel before vessel breach. 
There are two possible values for this characteristic: low and high. The demarcation point between the two 
ranges is 40%. 
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Characteristic 9 concerns the amount of the core involved in HPME there are four attributes. The possible 
range is divided into three portions by 20% and 40%. No HPME is the fourth attribute. 

Characteristic 10 concerns the size of the hole that results from containment failure or the type of containment 
failure. There are four possible attributes. 

Characteristic 11 concerns the number of large holes in the RCS after breach. The experts on the Source 
Term Expert Panel assembled for the NUREG-1150 study who provided distributions for revolatilization from 
the RCS surfaces after VB gave different distributions depending on whether an effective natural circulation 
flow would be set up within the vessel. A significant flow could be expected only if there were two large, 
effective holes in the RCS. 

Characteristic 12 concerns the time at which the accident occurs after the reactor has been shutdown. Four 
time windows are possible as defined in the Level 1 analysis. 

A set of summary bins was adopted for presentation purposes, as in NUREG-1150. Instead of the 12 
characteristics and the hundreds of possible bins that describe the evaluation of the APET in detail, the 
summary bins place the outcomes of the evaluation of the APET into a few, very general number of groups. 
They are: 

NoVB, NoCF 
No VB, Open Containment 
VB, NoCF 
VB, Open Containment 
VB, CF (including steam explosions, DCH, & Hydrogen burn) 

The containment failure (CF) group contains energetic events that cause structural failure of the containment. 
The “Open Containment” group includes leakage through the equipment hatch or other temporary barriers 
(which can occur even after “successful” isolation of containment) as well as failure to isolate containment 
before the onset of core damage. 

6.5 Results of the Accident Progression Analysis 

This section presents the results of the APET evaluation. Table 6.4 shows four statistical measures of the 
conditioned probability distributions of the summary bins for each PDS Group. As evaluating the MET 
produces a large number of accident progression bins (APBs), the discussion is primarily focused on events 
that result in core damage arrest before vessel breach, and loss of containment integrity. Therefore, Tables 
6.5 and 6.6 were included to provide information on the distributions of conditional probabilities for core 
damage arrest and loss of containment integrity for each PDS Group and Time Window. The term “loss of 
containment integrity” is used in Table 6.6 rather than “containment failure” because of the importance of 
failure to isolate containment, which is not really “failure” of containment. The term “containment failure” 
is reserved for energetic events (such as steam explosions, DCH and Hydrogen Combustion) that cause 
structural failure of the containment. 

In order to assess the relative importance of the various accident progression bin groups, the information in 
Table 6.4 is summarized in Tables 6.7 and 6.8 to provide the mean conditional probabilities of core damage 
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arrest and loss of containment integrity. The APB groups in which the status of the reactor pressure vessel 
(no vessel breach or vessel breach) and the containment are given are included in Table 6.7. The APB groups 
in which only the containment status is given are included in Table 6.8. Similar information is given for the 
various time windows in Table 6.9. Table 6.10 and Figure 6.1 were included to provide additional statistical 
measures for the distributions of the absolute frequencies for various accident progression bin groups. 

Generally, the containment failure probability is dominated by the probability of whether the containment is 
successfully isolated prior to core damage. Containment failure due to energetic pressurization either because 
of DCH or hydrogen burning is relatively small as in the full power study even if the containment is assumed 
to leak at pressures above 45 psig. This is partly because the fraction of accidents with high or intermediate 
vessel pressure is very small, and partly because the fraction of accidents where the containment was not 
isolated is high. Very late containment failure due to basemat melt-through and gradual pressurization due 
to loss of containment cooling was assumed not to happen based on the results of MELCOR calculations as 
discussed in section 6.3. 

6.5.1 Results for Each PDS Group 

6.5.1.1 Results for PDS Group 1: Station Blackout (SBO) 

This PDS group contains five PDSs as discussed in Section 5.2. The PDSs in this group contribute 
approximately 10% to the mean total core damage frequency. The accidents belonging to this group are 
initiated by a loss of off-site power and coupled with other failures result in a station blackout. The 
recirculation and containment systems are not available due to the loss of power. In this PDS, an important 
factor in the accident progression is the recovery of the off-site AC power. 

The mean conditional probability of core damage arrest prior to vessel failure ranges from approximately 0.5 
for Time Window 1 to 0.7 for Time Window 4 as shown in Table 6.5. The mean conditional probability 
averaged over all four time windows is about 0.55. 

The mean conditional probability of loss of containment integrity for this PDS group averaged over all time 
windows is approximately 0.51 as shown in Table 6.6. Energetic containment failure is significant for this PDS 
group, with a mean conditional probability of about 0.15 (Table 6.8). This mostly comes from hydrogen 
burning later in the accident. This mode of failure is prominent in this PDS group, since hydrogen burning 
is more likely when the power is recovered after a substantial amount of hydrogen has accumulated in the 
containment. 

6.5.1.2 Results for PDS Group 2: Human Errors (HX) 

This PDS group contains a large number of PDSs and is the largest contributor to the internal event core 
damage frequency for mid-loop operation at Surry. About two thirds of all core damage accidents belong to 
this group. The accidents belonging to this group are attributable to human errors. Following loss of core 
cooling due to some initiators, operators either fail to diagnose the accidents or to take correct actions. The 
progression of accidents is somewhat different depending on whether the human error is in diagnosis or action. 
For example, if it is a diagnostic error, then it is assumed that the same error results in failure to recognize 
the need for containment isolation. If the error was a failure to take the correct action, it was more likely that 
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the containment was closed before core damage. In most cases, the electric power and some core cooling 
system are available. In this PDS group, the dominating factor in the accident progression is the recovery 
from human errors. 

The mean conditional probability of core damage arrest without vessel failure is about 0.42 averaged over all 
windows (Table 6.5). This probability is lower than that of PDS group 1 indicating that the recovery 
probability from human error is less likely than recovery of electric power once the accident progresses to core 
damage. 

The mean conditional probability of loss of containment integrity for this PDS group is very high, about 0.9 
(Table 6.6). This result reflects the assumption that the containment would most likely remain unisolated in 
this PDS group. Energetic containment failure is insignificant for this PDS group (Table 6.8). Since this PDS 
group is the largest contributor to the core damage frequency, it also significantly contributes to the overall 
probability of loss of containment integrity. 

6.5.13 Results for PDS Group 3: Recirculation Failure 

The PDSs in this group contribute about 18% to the mean core damage frequency, although it contains a large 
number of PDSs. The accidents in this group occur only in Windows 1 and 2. In this group, core cooling was 
successfully initiated and was continued until the RWST is emptied; but the recirculation fails and the accident 
progresses to core damage. The conditional probability of core damage arrest before vessel failure in this PDS 
group is zero (Table 6.5) since it is assumed that core cooling is permanently lost once recirculation is lost. 

The mean conditional probability of loss of containment integrity for this PDS group is relatively low, about 
0.13 (Table 6.6). The probability of isolating the containment in this PDS group is considered to be high 
because core cooling is established and the reactor has been in a stable condition for a relatively long time. 
Energetic containment failure is unimportant for this PDS group, contributing only about 3% to containment 
failure (Table 6.8), mostly from DCH. Hydrogen burning is not likely to fail containment since power is 
available and hydrogen combustion was determined to occur at relatively low concentrations. 

6.5.1.4 Results for PDS Group 4 Loss of 4 kV Bus 

This PDS group contributes about 5% to the mean core damage frequency for accident in mid-loop. There 
are no occurrences of this PDS in Windows 3 and 4. The accidents in this group are similar to those of PDS 
group 1 (SBOs) except that accidents are initiated by loss of 4 kV bus. This group is separated from Group 1 
since the recovery probabilities are different, however, the accident progression for this group is similar to that 
of Group 1. 

The mean conditional probability of core damage arrest without vessel failure was determined to be about 0.6 
(Table 6.5). The mean conditional probability of loss of containment integrity for this PDS group is 
approximately 0.45 (Table 6.6). Hydrogen burning is a significant contributor to the conditional containment 
failure probability as in Group 1 (Table 6.8). 
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6.5.2 Core Damage Arrest and Avoidance of Vessel Breach 

It is possible to arrest the core damage process and avoid vessel breach if injection is restored before the core 
degradation process has gone too far. Recovery of injection depends on the PDS groups. For Groups 1 
(SBO) and 4 (Loss of 4 kV bus) the dominant factor is recovery of the off-site A/C power or the 4 kV bus. 
For Group 2 (Human Errors), recovery depends on the operators making correct diagnosis or taking proper 
actions. For Group 3 (Failure of Recirculation), it is assumed that no recovery action is possible once core 
damage occurs. 

Table 6.5 shows four statistical measures for the distributions of the conditional probability of halting the 
degradation of the core before the lower head of the vessel fails, for each PDS and Time Window. Overall 
the mean conditional probability of core damage arrest without vessel failure is about 0.35 for all windows and 
PDS groups. The core damage arrest for each PDS is discussed above. For each window the average 
conditional probability of core damage arrest is roughly similar to the conditional probability of PDS Group 
2. This result reflects the fact that PDS Group 2 is the largest contributor to the total core damage frequency 
(refer to Figure 5.1). The average conditional probability of core damage arrest for window 1 is lower than 
for the other windows. This is mainly because PDS Group 3 is significant contributor in this window (Table 
5.8) and the core damage arrest probability for PDS Group 3 is zero. 

6.5.3 Loss of Containment Integrity 

There are four possibilities for loss of containment integrity: 

1. Failure to isolate containment; 
2. 
3. 
4. 

Containment leak due to failure of isolation barriers; 
CF at VB due to the events at VB; and 
CF due to hydrogen combustion before or after VB. 

Very late containment failure due to gradual pressurization caused by the loss of containment cooling, or due 
to basemat melt-through was assessed to be very unlikely based on the results of MELCOR’ calculations. 

Table 6.6 shows the conditional probability of loss of containment integrity for each PDS and Time Window. 
The overall mean conditional probability of loss of containment integrity is about 0.67 for all windows and 
PDS groups. There are no apparent trends among the time windows for the overall probability, although some 
trends were observed in each PDS as discussed above. The trend in overall probability is obscured by the 
different composition of the PDS groups for each window. For example, in Window 1, the probability of loss 
of containment integrity is relatively low since the contribution of PDS group 3 to the window is high and this 
PDS group has a low probability of containment failure. 

Table 6.8 shows the mean conditional probability of the AF’B groups in which only containment status is 
identified (isolation failure and early leak are combined into ‘Open Containment’). The table shows that the 
conditional probability of loss of containment integrity is dominated by the probability of whether the 
containment is successfully isolated prior to core damage. Containment failure due to energetic pressurization 
either by DCH or hydrogen burning is relatively small as for accidents at full power even if the containment 
failure pressure (45 psig) is much less than that of full power (126 psig). This is partly because the fraction 
of accidents with high or intermediate vessel pressure is very small (i.e., minimizing the potential for DCH) 
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and partly because the conditional probability of the containment not being isolated at the start of the accident 
was high. 
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Figure 6.1 Distribution of Frequencies of APB Groups 
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Table 6.1 Questions in the APET 

event fail both vessel and 
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Table 6.1 (continued) 

Accident 
Question Progression 
Number Question Time Period Quantification Sampling 

28 Late sprays? Late Summary 

11 29 I Does late init ion occur? I Late I NUREG-1150 I P 

30 Containment failure due to hydrogen burning? Late Summary 

31 Status of containment? Late Summary 

32 Is the debris bed in a coolable configuration? Late NUREG-1150 SF 

33 Does prompt CCI occur? Late Summary 

34 Is ac power available very late? Late ROSP DS 

35 Recovered from human error very late? Late HRAH DS 

36 Very late sprays? Late Summary 

37 Does delayed CCI occur? Late Summary 

38 Does very late ignition occur? Very Late NUREG-1150 P 

39 Containment failure due to hydrogen burning? Very Late Summary 

40 Final containment condition? Very Late Summary 

DS 

HRAH 
Internal 

NUREG-1150 
P 
PDS 
ROSP 

SF 
Summary 

zo 

Key to Abbreviations in Table 6.1 

The branch probabilities are taken from a distribution; depending on the distribution the 
sampling may be SF or ZO. 
Available from the Reliability Analysis Handbook (Ref. 6) 
The quantification was peiformed at Brookhaven National Laboratory by the plant analyst with 
the assistance of other members of the laboratory staff. 
Information from NUREG-1150 analysis 
A parameter is determined from a distribution or deterministic calculations. 
The quantification follows directly from the definition of the Plant Damage State. 
This question was quantified by sampling from a distribution derived from the off-site power 
recovery data for the plant. 
Split Fraction sampling-the branch probabilities are real numbers between zero and one. 
The quantification for this question follows directly from the branches taken at preceding 
questions, or the values of parameters defined in preceding questions. 
Zero-one Sampling: the branch probabilities are either 0.0 or 1.0. 
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Table 6.2 Variables Sampled in the Accident Progression Analysis 

_ _ _ _ ~  

Description 

1 

2 

Frequencies of accident occurring at each time window for the given PDS group. 

Probability that reactor pressure exceeds 500 psi when only 1 PORV is open in Time 
Window 1. 

II Probability that containment is successfully closed before core damage at each time I window. 

11 

12 

Probability that containment is isolated but does not have pressure retaining capability. 

Probability that off-site power is recovered before vessel breach for each time window. 

II l2 

~~ ~ ~ ~ 

Probability that power is recovered to injection pumps from 4 kV loss for each time 
window. 

13 

16 

17 

Probability of recovery from human errors for each time window. 

Probability that Alpha mode CF occurs, given that RCS is at low pressure 

Probability that VB mode is pressure melt ejection (HPME) given that RCS is at 
intermediate pressure. 

____ ~~ 

17 

20 

21 

21 

Probability that VB mode is bottom head failure 

Baseline containment pressure just before VB. 

Pressure rise at VB when VB mode is pour. 

Pressure rise at VB when RCS pressure is at intermediate pressure and reactor cavity is 
wet. 

23 

23 

Containment failure pressure when mean containment capability pressure is 126 psig. 

Containment failure pressure when mean containment capability pressure is 45 psig. 

26 

26 

Probability that off-site power is recovered late for each time window. 

Probability that power is recovered late to injection pumps from loss of 4 kV bus for each 
time window. 

~ ~~ ~~ ~ 

27 

34 

34 

Probability of late recovery from human errors for each time window. 

Probability that off-site power is recovered very late for each time window. 

Probability that power is recovered very late to injection pumps from loss of 4 kV bus for 
each time window. 

Probability of very late recovery from human errors for each time window. 35 
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Table 6.3 Description of APB Characteristics 

NUREG/CRd 144 

Abbreviation 

CF-Time 

Sprays 

CCI 

RCS-Pres 

VB-Mode 

SGTR 

Amt-CCI 

Zr-Ox 

HPME 

~ CF-Size 

RCS-Hole 

Window 

Description 

Time of containment failure (CF) 

Periods in which sprays operate 

Occurrence of Core-Concrete Interactions (CCI) 

Reactor Coolant System (RCS) pressure before vessel breach (VB) 

Mode of VB 

Steam generator tube rupture (SGTR) 

Amount of core available for CCI 

Fraction of zirconium (Zr) oxidized (Ox) in-vessel 

Fraction of the core in the high pressure melt injection (HPME) 

Size or type of containment failure 

Number of large holes in the RCS after VB 

Time window when core damage accident is initiated 
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Table 6.4 Distribution of Conditional Probabilities of APB Groups for Each PDS Group 

Accident 
Progression 
Bin G ~ U D S  

No VB, 
No CF 

PDS 
Group 1 

0.022 
0.409 
0.351 
0.599 

No VB, Open 0.019 
Containment 0.109 

0.200 
0.564 

VB, No CF 

VB, Open 
Containment 

0.005 
0.113 
0.138 
0.368 

0.013 
0.093 
0.159 
0.430 

VB, CF 0.005 
0.136 
0.152 

PDS PDS PDS Statistical 
Group 2 Group 3 Group 4 All Measures 

0.001 0.000 0.000 0.005 5th Percentile 
0.030 0.000 0.396 0.068 Median 
0.046 0.000 0.383 0.079 Mean 
0.138 0.000 0.751 0.184 95th Percentile 

0.291 
0.395 
0.379 
0.436 

0.002 
0.040 
0.066 
0.190 

0.000 
0.000 
0.000 
0.000 

0.783 
0.876 
0.870 
0.981 

0.006 
0.118 
0.208 
0.661 

0.003 
0.120 
0.164 
0.527 

0.135 
0.285 
0.274 
0.380 

0.079 
0.221 
0.248 
0.511 

5th Percentile 
Median 
Mean 

95th Percentile 

5th Percentile 
Median 
Mean 

95th Percentile 

0.380 0.008 0.009 0.198 5th Percentile 
0.531 0.100 0.078 0.394 Median 
0.509 0.103 0.150 0.372 Mean 
0.577 0.201 0.545 0.504 95th Percentile 

0.0 0.0 0.003 0.003 5th Percentile 
0.0 0.010 0.078 0.018 Median 

0.0005 0.027 0.094 0.026 Mean 
0.0009 0.074 0.239 0.074 95th Percentile 

VB = Reactor Pressure Vessel Breach 
CF = Containment Failure 
PDS = Plant Damage States (defined in Chapter 5)  
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Table 6.5 Conditional Probability of Core Damage Arrest 

PDS 
Group 4 

PDS Group PDS PDS PDS 
Time Window Group 1 Group 2 Group 3 

0.40 0.42 0.0 

0.49 0.45 0.0 

Statistical 
All Measures 

0.00 1 5th percentile I 
Median 0.64 

Window 1 1 0.49 1 0.44 1 
0.59 0.46 

0.58 

0.86 

0.05 0.28 5th percentile 

0.40 Median 0.67 
Window 2 

0.61 0.57 0.41 0.0 

0.67 0.43 0.0 

0.39 Mean 

0.46 95th percentile 0.87 

0.47 0.42 

0.55 0.45 

0.55 0.44 

0.64 0.46 

0.59 0.38 

0.69 0.41 

0.70 0.41 

0.83 0.43 

No 
Bins Window 3 

No 
Bins Window 4 

No 
Bins 0.45 I Mean II 

0.48 95th percentile 

0.40 5th percentile 

0.45 Median 

0.46 Mean 
No 

Bins 

0.56 95th percentile 

0.23 5th percentile 

0.37 Median 

0.35 Mean 

0.44 95th percentile 

0.03 

0.65 
All 

0.59 0.55 0.42 0.0 

0.86 I 0.71 I 0.45 0.0 

PDS = Plant Damage States (defined in Chapter 5) 
Window = Time Window (defined in Chapter 5) 
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Table 6.6 Probability of Loss of Containment Integrity* for Each PDS 

PDS PDS PDS 
Time Window pDsGmup I Group 1 I Group2 I Group3 

0.18 1 .oo 0.02 

0.48 1.00 0.13 

0.54 1.00 0.13 

0.97 1.00 0.23 

Window 1 

1 1 0::; 0.15 0.42 1 0:Mi 
0.50 0.87 0.11 

Window 2 

I 0.97 I 0.99 I 0.21 

I 0.15 I 0.69 I 

Bins Window 3 
I 

0.97 0.998 

0.14 0.24 
I 

0.97 0.997 0.22 1 

PDS Statistical 
Group 4 1 All I Measures 

0.12 I 0.18 I 5th percentile 11 
0.36 I 0.39 I Median II 

Mean 0.46 0.44 

0.97 0.81 95th percentile 

0.11 0.41 5th percentile 

0.33 0.76 Median 

0.44 0.73 Mean 

0.97 I 0.96 I 95th percentile 11 
I 0.63 I 5th percentile 11 

Median 
Bins 

I 0.24 I 5th percentile 11 
0.65 Median 

0.63 Mean 

0.91 95th percentile 

No 
Bins 

0.11 0.39 5th percentile 

II 0.35 I 0.70 I Median 

0.45 I 0.67 I Mean II 
0.97 0.88 95th percentile 

*Loss of containment integrity includes failure to isolate containment and containment failure 
caused by energetic events such as steam explosions, DCH and H, combustion 
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Table 6.7 Mean Conditional Probability of APB Groups for Each PDS 
(Including Vessel Status and Containment Status) 

Accident Progression Bin Groups 

Vessel Containment PDS PDS PDS PDS 
status status Group 1 Group 2 Group 3 Group 4 

NoVB NoCF 0.351 0.046 0.0 0.383 

Open Containment 0.200 0.379 0.0 0.208 

Total 0.551 0.425 0.0 0.592 

VB No CF 0.138 0.066 0.870 0.164 

Open Containment 0.159 0.509 0.103 0.150 

CF (DCH) 0.004 0.0005 0.027 0.005 

CF (Hydrogen burning) 0.148 0.0 0.0 0.089 

Total 0.449 0.575 1.00 0.409 

All 

0.079 

0.274 

0.353 

0.248 

0.372 

0.005 

0.021 

0.646 

Table 6.8 Mean Conditional Probability of APB Groups for Each PDS 
(Containment Status Only) 

Accident Progression PDS PDS PDS PDS 
Bin Groups Group 1 Group 2 Group 3 Group 4 All 

No CF 0.489 0.112 0.870 0.547 0.327 

Open Containment 0.359 0.888 0.103 0.358 0.646 

CF (DCH) 0.004 0.0005 0.027 0.005 0.005 

CF (Hydrogen burning) 0.148 0.0 0.00 0.089 0.021 
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Table 6.9 Mean Conditional Probability of APB Groups for Each Time Window 
(Including Vessel Status and Containment Status) 

Accident Progression Bin Groups 

Vessel Containment Window Window Window Window t status status 1 2 3 4 All 

No VB 

VB 

I I I I I 

Table 6.10 Distribution of Frequencies of APB Groups 

5th 50th 95th 
APB Groups Percentile Percentile Mean Percentile 

No VB, No CF 6.25E-9 1.25E-7 2.91E-7 1.05E-6 

No VB, Open Containment 8.63E-8 4.66E-7 1.23E-6 5.48E-6 

VB, No CF 6.58E-8 4.76E-7 8.9OE-7 3.33E-6 

VB, Open Containment 1.09E-7 6.49E-7 1.69E-6 7.48E-6 

VB, CF 2.06E-9 2.57E-8 1.08E-7 4.8OE-7 
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The source term is the information required to calculate the offsite consequences for each group of accident 
progression bins (APBs). The source term for a given APB consists of the release fractions of the core 
inventory for nine radionuclide groups, and additional information about the timing of the releases, the energy 
associated with the releases, and height of the releases. The nine radionuclide grolips defined for the source 
term analysis are: noble gases, iodine, cesium, tellurium, strontium, ruthenium, lanthanum, cerium, and 
barium. A source term is calculated for each APB for each observation in the APET analysis. 

Because of the large number of source terms and the similarity of many of the source terms, it is not practical 
to perform consequence calculations for all of them. The source terms were therefore grouped through a 
partitioning process based on their potential health effects into a much smaller number (25 in the present 
analysis). Consequence calculations were performed only for these 25 source term groups. 

The methods and computer codes used for the source term analysis of accidents during mid-loop operation 
are based on those developed in the NUREG-1150 program.' The applicability of these to mid-loop 
operation is discussed below. Section 7.1 describes the computer code used for the source term calculations. 
Section 7.2 discusses the quantification of the source terms. Section 7.3 describes the method used for source 
term partitioning and presents the results of the partitioning process. 

7.1 Source Term Analysis Model 

The source term analysis for Surry' in NUREG-1150 was performed by a parametric computer code: 
SURSOR.3 The purpose of this code is not to calculate the behavior of the fission products from their 
chemical and physical properties and the flow and temperature conditions in the reactor and the containment. 
Instead, SURSOR provides a means of incorporating into the analysis the results of the more detailed codes 
that do consider these quantities. For example, SURSOR has a parameter that identifies the fraction of 
fission products in the core that are released to the vessel before vessel breach. Other parameters identify 
the fraction of fission products released to the containment and the environment. In all 12 parameters are 
used in SURSOR to define fission product behavior following a core damage accident. SURSOR also 
provides a framework for synthesizing the results of experiments and mechanistic codes as interpreted by 
experts in the field to develop uncertainty distributions of the release parameters. Volume 2, Part 4 of 
NUREG/CR-4551 provides a detailed description of how the various distributions were developed for the 12 
parameters in SURSOR. The application of these distributions for accidents during full power operation at 
Surry is described in Reference 3. 

A simple parametric approach is needed because the detailed codes require too many computer resources to 
be able to compute the source terms for the numerous APBs that resulted from the quantification of the 
MET. The use of SURSOR for source term estimation for accidents during mid-loop operation at Surry was 
first investigated in the abridged study (refer to Chapter 2). Two measures were taken in the abridged study 
to assure the adequacy of the source terms: 
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7 Source Term Analysis 

1) The first involved comparing the calculations from the MELCOR4 code using initial and boundary 
conditions appropriate to mid-loop operation with the parameter data used in and the source term results 
obtained from SURSOR. 

2) Second, the Source Term Advisory Group was established to provide guidance, and any additional 
information on modifying the SURSOR code for the study of mid-loop operation. 

Considering the differences between full power and shutdown operations, the Source Term Advisory Group 
identified two parameters in SURSOR as important and possibly different than the values used in NUREG- 
1150. The first parameter is the fraction of the fission products in the core that are released to the vessel 
before vessel breach. The second parameter is the fraction of the fission products released to the vessel that 
are subsequentlyreleased to the containment. The distributions of these two parameters as given in NUREG- 
1150 were compared with MELCOR calculations to establish their values to be used in the study of mid-loop 
operation. In addition to the above comparison, the environmental releases of fission products obtained from 
SURSOR and MELCOR were compared. The comparisons show that generally, the MELCOR values fall 
within the ranges of SURSOR predictions. Although, for some radionuclide categories, the MELCOR 
calculated values are closer to the upper ranges of the SURSOR predictions, there are no apparent reasons 
to modify the SURSOR distributions. Consequently, the Source Term Advisory Group did not recommend 
any change to the SURSOR code for application to the study of mid-loop operation. Appendix C provides 
a more detailed discussion of the source term comparison. 

The distributions for the parameters used in SURSOR have very large ranges. The 5th and 95th percentile 
values for some of distributions vary by several orders of magnitude. This signifies the uncertainty in source 
term estimation and reflects the large differences within the reactor safety community surrounding the source 
terms for any given accident sequence, even if the initial and boundary conditions are well characterized. 
Furthermore, the initial and boundary conditions are seldom well known, and this lack of knowledge adds 
additional uncertainty. 

7.2 Quantification of Source Terms 

Most of the parameters in SURSOR are determined by sampling from distributions of the parameters during 
Monte Carlo simulations. The distributions for the nine radionuclide groups are assumed to be correlated 
as they were in NUREG-1150. That is, a single LHS variable applies to each parameter in the release fraction 
equation, and it applies to the distributions for all nine radionuclide groups. For example, if the random 
number for the release fraction from the core is 0.8, the 80th percentile value is chosen from the iodine 
distribution, the cesium distribution, the tellurium distribution and the other six distributions. However, there 
are separate distributions for each fission product class. 

Of the twelve parameters in SURSOR, the following ten parameters listed below were sampled for source 
term analysis: 

Fraction of the radionuclide in the core released to the vessel before or at vessel breach (VB) 
Fraction of the radionuclide released from the vessel to the containment before or at VB 

Fraction of the radionuclide in the containment from the RCS release that is released from the 
containment in the absence of any mitigating effects 
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Fractional release of radionuclide from corium during core concrete interaction (CCI) 

Containment transport fraction for ex-vessel release 

Decontamination factor for containment sprays 

Fraction of the iodine deposited in the containment which is revolatilized and released to the environment 
late in the accident 

Fractional release of material deposited in the RCS due to revaporization 

Fraction of core radionuclide released to the containment due to direct containment heating (DCH) at VB 

Decontamination factor for a pool of water overlying the core debris during CCI 

Source terms were computed for all the APBs for each of 100 observations. There are about 150 APBs in 
each observation. The total number of source terms obtained was 15,443. An approach used in the full power 
analysis was to summarize the source terms as complementary cumulative distribution functions for the release 
fractions of eight of the nine radionuclide groups. Four statistical measures of the distributions were used that 
give the frequencies at which the release fractions are exceeded. Similar curves were generated in this study; 
they are presented in Appendix C. 

Besides the release fractions four other parameters are needed to specify the source term. These are: the 
height of the release, the energy of the release, the release timing and the release duration. Since the reason 
for unisolated containment during mid-loop operation was assumed to be the temporary plug in the escape 
tunnel of the equipment hatch all releases were assumed to take place through this opening. The height of 
the release was therefore the level of the equipment hatch, 28 ft (8.4 m) above ground. The release energy 
of a source term which is input to the consequence code is the average energy release rate over the duration 
of the release (joules/sec or watts). Energetic releases (containing a large amount of sensible heat) can result 
in a buoyant plume which can rise to heights much greater than the initial release height leading to greater 
dilution and smaller consequences near the point of release. The MACCS code models a criterion for plume 
buoyancy based on atmospheric conditions, windspeed and the sensible heat release rate. The energy during 
mid-loop operation is low, less than 1% of the energy at full power. Calculations were performed with a range 
of possible energy release rates during mid-loop operation and compared with the plume lift-off criterion; it 
was determined that there were no possible energy release rates which could result in a buoyant plume. Thus 
the release energy was set equal to zero for all releases during mid-loop operation. The timing of the release 
and the duration of the release were based on selected calculations performed by the MELCOR code. Details 
of these calculations are provided in Appendix E. Most of the releases occur in window 1 and window 2 with 
an unisolated containment. All releases were modeled as single-puff releases. Based on MELCOR results, 
a release timing of 1 hour and a release duration of 6 hours was assumed for these releases. Somewhat 
conservatively, these times were assumed for the other releases as well. 

7.3 Partition of Source Terms 

The accident progression and source term analyses resulted in a total of 15,443 source terms for internally 
initiated accidents during mid-loop operation. It is computationally impractical to carry out a consequence 
calculation for each source term to obtain the risk for the selected consequence measures. To create an 
interface between the source term analysis and the consequence calculation, the total number of source terms 
are grouped into a much smaller number of source term groups. The groups are created such that the source 
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EH>O, LH>O 

EH=O, LH>O 

EH=O, LH=O 

terms within each group have similar properties with respect to consequences, i.e their potential for causing 
early fatalities and latent cancer fatalities is similar. A frequency weighted mean source term is determined 
for each group and the consequence calculation is performed for the mean source term. 

213 2.8 

15230 97.2 

0 0 

The grouping of the source terms is designated as “partitioning”. The process is described in detail in 
NUREGICR-4551, Volume 1 and in Reference 5. It involves definition of an early health effect weight, EH, 
and a latent health effect weight, LH, for each source term and a grouping of source terms based on these 
weights. A further subdivision is made on the basis of the timing of the release relative to the time of the 
emergency evacuation. Then the frequency weighted mean source term is calculated for each group. In the 
present study, the timing of the release was conservatively estimated to be the same for all releases. Thus no 
grouping was necessary based on timing of the evacuation relative to the time of release. On the other hand, 
the effect of radioactive decay as a function of time window was included in the calculation of the early health 
effect weight. All source terms in Window 4, for example, were assigned an EH=O based on the equivalent 
1-131 inventory of Window 4. 

The early health effect weight was calculated by converting the radionuclide release associated with each 
source into an equivalent 1-131 release. Surry site-specific calculations of the number of early fatalities as a 
function of equivalent 1-131 release were performed in each time window. This estimated number of early 
fatalities is the EH for each source term. Details of the calculations including the relationship between the 
number of early fatalities and the equivalent 1-131 release are provided in Appendix C .  

The latent health effect, LH, was calculated by assuming a linear relationship between the number of latent 
cancer fatalities due to a particular radionuclide and the amount of release of that radionuclide. Suny site- 
specific consequence calculations were carried out for each time window assuming a fixed release of each of 
the 60 radionuclides in the nine radionuclide groups contained in MACCS. Based on these calculations and 
the linear relationship between latent cancer fatalities and the amount of radionuclides released, the amount 
of latent cancer fatalities for each source term was estimated (a window adjustment factor to adjust the 
radionuclide inventory in each time window was used to estimate the total release in curies associated with 
each source term depending on the time window to which it belonged). This estimated number of latent 
cancer fatalities is the latent health effect weight, LH, associated with each source term. Details of the 
calculation and results are provided in Appendix C .  

Based on the estimates of EH and LH, the source terms were divided initially into three categories: EH>O 
and LH>O, EH=O and LH>O, and EH=O and LH=O. The number of source terms and the percentage of 
total frequency associated with each of these categories is as follows: 

II Category I Number of Source Terms I % Total Frequency 11 

Each of the above categories was treated separately for partitioning. 
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For the EH>O, LH>O category a grid was created by examining the ranges of the EH and LH values, placing 
the source terms within each cell on the grid and then pooling cells which either have a small frequency or 
a small number of source terms. Four source term groups were created for this category through this process 
which is described in more detail in Appendix C. For the EH=O, LH>O category, the source terms were 
grouped along one dimension (the value of LH) by creating cells based on the range of values of LH. A total 
of 21 groups for this category were obtained through this process which is discussed in Appendix C. 

A total of 25 source term groups was thus obtained after partitioning. A frequency weighted mean source 
term was then identified for each of the groups. The mean source terms were used for the consequence 
calculations. They are displayed in Appendix C. 

7.4 

1. 

2. 

3. 

4. 
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8 CONSEQUENCE ANALYSIS 

Offsite consequences were calculated for the mean source term groups resulting from the partitioning process 
described in Chapter 7. The calculations were performed using the latest version (Version 1.5.11.1) of the 
MACCS code.' An approximate scoping calculation of onsite dose rates in the vicinity of the containment 
(so-called parking lot dose) was also carried out for three selected mean source terms and selected weather 
conditions based on dose models described in section 8.2 below. 

8.1 Offsite Calculations 

The offsite consequence calculations were performed by the latest version of the MACCS code,' Version 
1.5.11.1, which incorporates the BEIR V recommended risk factors for the latent cancer - dose relationship. 
MACCS tracks the dispersion of the radioactive material in the atmosphere from the plant and computes its 
deposition on the ground. MACCS then calculates the effects of this radioactivity on the population and the 
environment. Doses and the ensuing health effects from 60 radionuclides are computed for the following 
pathways: immersion or cloudshine, inhalation from the plume, groundshine, deposition on the skin, 
inhalation of resuspended ground contamination, ingestion of contaminated water and ingestion of 
contaminated food. 

MACCS treats atmospheric dispersion by the use of multiple, straight-line Gaussian plumes. Each plume can 
have a different direction, duration, and initial radionuclide concentration. Dry and wet deposition are treated 
as independent processes. The weather variability is treated by means of a stratified sampling process. 

For early exposure, the following pathways are considered: immersion or cloudshine, inhalation from the 
plume, groundshine, deposition on the skin, and inhalation of resuspended ground contamination. For the 
long-term exposure, MACCS considers the following four pathways: groundshine, inhalation of resuspended 
ground contamination, ingestion of contaminated water and ingestion of contaminated food. The direct 
exposure pathways groundshine, and inhalation of resuspended ground contamination, produce doses in the 
population living in the area surrounding the plant. The indirect exposure pathways, ingestion of contaminated 
water and food, produce doses in those who ingest food or water emanating from the contaminated area 
around the accident site. The contamination of water bodies is estimated for the washoff of land-deposited 
material as well as direct deposition. The food pathway model includes direct deposition onto crops and 
uptake from the soil. 

Both short-term emergency response actions and long-term mitigative measures are modeled in MACCS. 
Emergency response actions include evacuation, sheltering and emergency relocation out of the emergency 
planning zone (EPZ). Long-term actions include later relocation and restrictions on land use and crop 
disposition to reduce projected doses below a pre-determined level. Relocation and land decontamination, 
interdiction, and condemnation are based on projected long-term doses from groundshine and inhalation of 
resuspended radioactivity. The disposal of agricultural products is based on reducing the yearly doses induced 
by consumption of these products below a preset criterion based on the Protective Action Guides of the Food 
and Drug Administration. The removal of farmland from crop production is based on ground contamination 
criteria. 
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The health effects models link the dose received by an organ to predicted morbidity or mortality. MACCS 
calculates both early and latent (long-term) health effects. The model for latent cancers implemented in the 
latest version of MACCS is based on the recommendations of the BEIR V committee. Results for the 
following consequence measures calculated by MACCS are given in this report: early fatalities, latent cancer 
fatalities (within 50 miles and 1000 miles) population dose (within 50 miles and 1000 miles). 

Early fatalities are defined as those occurring within one year of the release. Population dose, expressed in 
effective dose equivalents for whole body exposure (person-Sv or person-rem), due to both early exposure and 
chronic exposure is calculated within a 50 mile and 1000 mile radius of the plant. The latent cancers due to 
both early exposure and chronic exposure are calculated to 50 miles and 1000 miles from the plant. 

8.1.1 MACCS Input for Surry 

The input parameters for the offsite consequence calculations were mainly based on Reference 2. Certain 
modifications, based on conditions specific to mid-loop operation and its accident characteristics, are noted 
below. 

Site-specific data for Surry include: reactor power level, weather, population, exclusion zone distance, 
emergency response, shielding parameters, long-term mitigative actions, land and land use fractions, and 
economic parameters for calculating offsite costs. Apart from reactor power level, discussed below, the other 
site data were based on the values in Reference 2. For example, the emergency response assumes that 99.5% 
of the population in the EPZ (within a 10 mile radius of the plant) evacuates at a speed of 1.8 m/s (4 mph) 
after a 2 hour delay following the declaration of an emergency, i.e., a general warning by the local authorities. 
The remaining 0.5% of the population are assumed to follow normal activity. The long-term mitigative actions 
include relocation of people from contaminated land which could lead to a dose to an individual of 4 rem or 
more over 5 years (2 rem in the first year following the accident and 0.5 rem per year thereafter for 4 years). 
One year of hourly meteorological data at Surry and the site population distribution as in Reference 2 were 
used in the input. 

The initial reactor power level (13.2 MW) used in the calculation was at the mid-point of Window 1 as defined 
in Table 5.4. The core inventory of 60 radionuclides at this power level for Surry was evaluated by 
interpolation from the calculations of the core inventory at Surry as a function of time after reactor shutdown 
reported in Reference 6. This inventory, displayed in Table C.4 of Appendix C was used for calculating the 
consequences of all 25 source term groups resulting from the partitioning process. A window adjustment 
factor, W,,,, defined in section C.3.2 of Appendix C was used in calculating the consequences for Windows 
2, 3, and 4 using the predictions for Window 1. 

8.1.2 Results of Offsite Consequence Calculations 

The results for the offsite consequence measures given in this section are conditional on the occurrence of a 
release. Information about the frequency of the consequences of different magnitudes is contained in the risk 
results reported in Chapter 9. 

Twenty-five source term groups were obtained after the partitioning process described in Chapter 7. 
Frequency weighted mean source terms were then identified for each of the groups. The release fractions for 
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each of the source term groups are given in Table C.ll of Appendix C. These release fractions together with 
other input parameters described above were used in the MACCS code to calculate various offsite 
consequence measures. A complementary cumulative distribution function (CCDF) was calculated for each 
consequence measure. Each CCDF is conditional on the occurrence of the source term and gives the 
probability’ of exceedance of individual consequence values due to the variability of the weather at the time 
of the release. The CCDFs were combined with the frequency of the source term groups to calculate risk as 
described in Chapter 9. 

8.2 Onsite Consequences 

The total onsite dose rate is modeled as a sum of the inhalation and cloud exposure dose rates in the wake 
region of a building due to the release of the radionuclide inventory following an accident. For the scoping 
calculation, an uniform release rate was assumed. 

The dose rate is calculated as a sum of the cloud inhalation dose rate, qh, and the cloudshine dose rate, 
ofzd (based on the 60 radionuclides in the MACCS dosimetry routine): 

where, 

i=60 

i = l  

I ’ rem/sec 
DCzd = (DFC), i  Q ( t )  

(DFOi - inhalation dose-conversion factor, rem/Ci for the radionuclide i; 

(DFC), - semi-infinite cloud dose-conversion factor for the radionuclide i 

p - breathing rate, m3/s. In these calculations, the breathing rate p = 2.66 x 

ri - fraction of nuclide’s i inventory released over the release duration; 
li - total inventory of nuclide i, Ci; 
z - release duration, sec.; 
Q(t) - release rate, assumed to be uniform over the release duration = rj I j  / z, Ci/sec; 
dQ - dilution factor calculated, as explained below, by three different models, sec/m3. 

‘“m - . 
CI - sec ’ 

m3/s following the 
MACCS code default value; 

The average concentration in the building wake was estimated using the following wake centerline 
concentration models: Ramsdell: Wilson: and Reg. Guide 1.145.5 Brief descriptions of each model are given 
below. 
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8.2.1 Ramsdell Model 

The Ramsdell model3 calculates the concentration in the far-region of the wake by including the effects of the 
lateral and vertical diffusion due to background turbulence: 

1 xlQ = 
nU [.y' + (KA/a 2U 2)F(T,)]1'2 x [o: + ( K A h  2U 2S 2)F(T, , ) ]  1'2 

where K is a characteristic dispersion factor for large structures typical of reactor buildings and recommended 
to have a value of 0.5 in Reference 3. 

In the correlation above, 
F ( T )  = 1 -[1 + x / ( U T ) ]  e x p [ - x / U T ) ]  , 

where T = T, or T,; T, = A'I2/u*, sec; 

T, = T, for extremely unstable weather (Class A, Pasquill-Gifford), and T, = T, /2.5 for extremely 
stable conditions (class G); 

S = 1 for extremely unstable weather (Class A, Pasquill-Gifford), and S = 2.5 for extremely stable 

u* = aU, friction velocity, mh; Q = o.4/h(z/z0); 

conditions (class G); 

U is the average wind speed at z = 10 meters, m/s, 
surface roughness length zo = 0.1 m; based on this, a = 0.0869, 
A = building area,m2; 

oy and o, = diffusion coefficients due to the background turbulence. 

x = downwind distance from the source. 

8.2.2 Wilson Model 

The Wilson model suggests a correlation for calculating the lower limit on the dilution in the wake (which 
corresponds to maximum concentration in the wake). This leads to the following expression for YQ: 

where U = average windspeed 
x = downwind distance from the source. 

As recommended in Ref. 3, a multiplier of 5.0 was used to calculate the ground level release (elevation lower 
than 0.2 H, where H is the height of the building). 

8.2.3 NRC Regulatory Guide 1.145 Model 

NRC Regulatory Guide 1.145 contains guidance on the calculation of dQ values for releases through vents 
that are effectively lower than two and one-half times the height of adjacent solid structures during neutral 
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or stable weather stability conditions. The recommended correlations allow for horizontal plume meander 
when the windspeed at the 10-meter level is less than 6 d s .  Equation (2) of the Reg. 1.145 model was used 
for calculating VQ: 

cry and crz are the standard dispersion parameters 

GI, is the average windspeed at 10 m height 

D~ = axb and 0, = ad,  

x is the distance from the source, my and 
the dispersion constants a = 0.0722, b = 0.9031, c = 0.2, and d = 0.602 for stable weather, Pasquill-Gifford 
Class F. 

8.2.4 Calculation Assumptions 

The scoping values of dose rates were calculated with the following set of input parameters corresponding to 
the Surry building and site: 

distance from source, x = 10 to 300 meters, 

0 building projected area,A = 1500 m2, and, finally, 
wind speed at 10 m elevation, U = 1.2 m/s. 

Wind speed was obtained by an arithmetic averaging of the wind speeds observed at the Surry site during the 
most stable weather conditions (Class F stability). 

8.2.5 Results 

The bounding calculations were performed for three source terms referred to as high, medium, and low (Gap 
release). The results are shown in Figure 8.1. The Wilson/Reg. Guide 1.145 result is based on the prediction 
of the Reg. Guide 1.145 correlation, limited from above by the values predicted by the Wilson model. The 
results in Figure 8.1 for the dose rate ( R e m )  indicate a variation of about two orders of magnitude as a 
function of the source term. The onsite dose rates are high, and are likely to lead to earIy fatalities or early 
injuries for exposed workers depending on the exposure period. In view of the relatively large number of 
onsite personnel during shutdown operations, these dose rates outside the containment suggest that a careful 
examination should be made of onsite evacuation schemes to limit the consequences. 
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Figure 8.1 Onsite Parking Lot Dose Rate as a Function of Distance from the Containment 
for Three Source Terms 
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9 RISK CALCULATIONS 

This chapter provides the results of the risk analysis of the Surry plant during mid-loop operation. Risk is 
determined by bringing together the results of the four constituent analyses; accident frequency (discussed in 
Volume 2 of this report and summarized in Chapter 5), accident progression (Chapter 6), source terms 
(Chapter 7) and consequence analyses (Chapter 8). The methods used to perform the risk calculations have 
been broadly described in Chapter 3. Details of the calculations carried out for each of the risk results are 
briefly reviewed below. The results are presented in the form of CCDFs, distributions of risk, and mean 
fractional contributions to risk for the selected consequence measures. 

9.1 Risk Results 

9.1.1 Exceedance Frequencies for Risk 

The risk analysis was performed for a sample of 100 observations; each observation consists of a frequency 
for each of the 25 source term groups defined in Appendix C, calculated by summing the frequencies of the 
accident progression bins assigned to each source term group. For each consequence measure, these 100 
observations were combined with the CCDFs for each of the source term groups. This calculational step 
produces 100 CCDFs for each consequence measure which display the relationship between the frequency of 
the consequence and the magnitude of the consequence. Statistical measures were generated from these 100 
CCDF curves by analyzing the curves in the vertical direction. For each value of a particular consequence, 
there are 100 values of the exceedance frequency (one for each observation). From these 100 values the 
mean, median, 95th percentile, and 5th percentile were calculated. This was done for each value of the 
consequence measure, to obtain the plots shown in Figure 9.1. These figures show the relationship between 
the magnitude of the consequence and the frequency at which the consequence is exceeded, as well as the 
variation in that relationship. Individual risk was also calculated by dividing the probability of early fatalities 
and latent cancer fatalities by the population within 1 mile and 10 miles radius of the plant, respectively. Plots 
of individual risk are also included in Figure 9.1. 

Figure 9.1 shows that the risk of early fatalities during mid-loop operation is low. At the upper end (95th 
percentile) of the range, the risk of one early fatality is below 5 x lo4 per year. The 5th to the 95th 
percentiles indicate the uncertainty in the risk estimates due to uncertainty in the basic parametersin the three 
sampled constituent analyses (the accident frequency, accident progression, and source term analyses). For 
latent cancer fatalities and population dose (Figure 9.1), this uncertainty is approximately two orders of 
magnitude across most of the exceedance curve. Three parameters, in particular, contribute to this 
uncertainty; the uncertainty in the human error probabilities, the uncertainty in the status of containment, and 
the uncertainty in the availability of containment sprays. The uncertainties in the release fractions constituting 
the source terms also contribute to the overall uncertainty. 

The variation along a curve in Figure 9.1 is indicative of the variation in risk due to different types of accidents 
and due to different weather conditions at the time of the accident. Thus the individual curves can be viewed 
as representing stochastic variability (i.e., the effects of probabilistic events in which it is possible for the 
accident to develop in more than one way), and the variability between curves can be seen as representing the 
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effects of imprecisely known parameters and processes that are mostly nonstochastic. Insights into the risk 
from different types of accidents, represented by plant damage states, is discussed below. 

As the magnitude of the consequence measure increases, the mean curve typically approaches or exceeds the 
95th percentile curve. This happens when the mean is dominated by a few large values within the sample 
because only few observations have nonzero exceedance frequencies at large values of the consequences. 

9.1.2 Estimates of Risk 

Based on the CCDF of risk for each observation a single number may be generated for each consequence 
measure for each observation. This value is determined by summing the product of the frequencies and 
consequences for all the points that are used to construct the CCDF for each observation in the sample. The 
risk estimate averages over the different weather states and includes contributions from all the different types 
of accidents that can occur. Since the complete analysis consisted of a sample of 100 observations, there are 
100 values of risk for each consequence measure. The distribution of risk for the consequence measures, 
based on these 100 values is shown in Table 9.1 below: 

Table 9.1 Distribution for Annual Risk for the Sample During Mid-hop Operation Due to Internal 
Initiators (All Values per Reactor Year; Population Doses in P-Sv per Year) 

Annual Risk 

Early Fatalities 

Latent Fatalities, 50 mi 

Latent Fatalities, 1000 mi 

Population Dose, 50 mi 

Population Dose, 1000 mi 
~ ~~ ~ 

Individual Early Fatalities Risk, 1 mi 

Individual Latent Fatalities Risk, 10 mi 

5th I Median I Mean I 95th I Standard 11 
Percentile Percentile Deviation 

~ ~ ~ 

1.26E-10 3.57E-09 4.90E-08 1.59E-07 1.69E-07 

1.55E-04 8.34E-04 2.46E-03 8.78E-03 3.68E-03 

7.97E-04 5.35E-03 1.57E-02 5.50E-02 2.52E-02 

3.77E-03 1.98E-02 5.79E-02 1.89E-01 8.77E-02 

1.87E-02 1.25E-01 3.66E-01 1.29E+00 5.90E-01 
~~ 

6.00E-12 I 1.27E-10 I 1.74E-09 I 6.94E-09 I 5.52E-09 11 
~ ~~ 

1.20E-10 7.48E-10 2.09E-09 7.10E-09 3.01E-09 

Table 9.1 displays the distributions of the risk for all consequence measures. The distribution for early 
fatalities shows that the ratio of the 5th to the 95th percentile is approximately three orders of magnitude. 
For the cases of latent cancer fatalities and population dose, the distributions show that the ratio of the 5th 
to the 95th percentile is a little less than two orders of magnitude. Where the mean is close to the 95th 
percentile, it may be inferred that a relatively small number of observations dominate the mean value. 

These distributions of risk can be compared with the corresponding distributions for the full power study to 
obtain insights into how accident progression during mid-loop operation differs from full power operation. 
This comparison is performed in Chapter 10. 
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9.1.3 Contributors to Risk 

To evaluate the contribution to risk from different types of accidents represented by the plant damage states, 
the mean fractional contribution to risk (MFCR) has been calculated as follows. If MFCRik represents the 
mean fractional contribution to risk for consequence measure j from plant damage state k, then 

where, 
rC’ = risk (consequenceshear) for consequence measure j, 

rCg = value of rC’ for observation i, 

rCik = risk of consequence measurej due to PDS group k,  and 

rcqk = value of rCik for observation i. 

The summation is over all observations n LHS (100 in this case). 

Table 9.2 shows the mean fractional contribution to the various risk measures from the four PDS groups: 
PDS 1 (station blackout), PDS 2 (human error), PDS 3 (recirculation failure and PDS 4 (loss of 4 kV bus). 
This table shows that PDS 2 is the largest contributor to risk for all consequence measures. The reason for 
this is that for accidents where operator errors, such as failure to diagnose or take proper action, play a major 
role in determining the progression of the accident, it was judged unlikely that actions to isolate containment 
would be taken. As shown in Chapter 6, for PDS 2 the mean conditional probability of the containment being 
unisolated was estimated to be almost 0.95 for the accident sequences belonging to this plant damage state. 

9.1.4 Distribution of Risk for Each PDS 

Table 9.3 displays the distribution of risk for each of the PDSs for all consequence measures. The 
distributions for the PDS groups can be compared with the risk distributions in Table 9.1. The distribution 
for PDS 2 is almost equivalent to the risk distribution for all consequence measures. As pointed out above, 
the mean conditional probability of the containment being unisolated is very high for accidents in PDS 2 and 
this contributes strongly to the risk distribution. The distributions for PDS 3 and PDS 4 lie almost entirely 
below the distribution for PDS 2 and consist of very low estimates of consequences. These PDS groups do 
not impact the risk distribution significantly. The upper end (95th percentile) of the risk distributions for PDS 
1 are near the median of the distribution for PDS 2 and the distribution (the distributions for early health 
effects overlap more than the distributions for long-term health effects). A small fraction of the accidents, 
about 16%, in PDS 1 involve an initially isolated containment which is subsequently challenged by phenomena 
such as hydrogen combustion. These types of accidents contribute to the upper end of the risk range for PDS 
1. 
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9.1.5 Comparison With the Safety Goals 

Comparison of the results of this study against the NRC safety goals is done for the two quantitative health 
objectives identified in the Commission’s policy statement of August 1986. These objectives deal with 
individual early fatality and latent cancer fatality risks within 1 mile and 10 miles of the site, respectively. The 
numerical value of these objectives are given in Table 9.3. The 95th percentile of the distribution for 
individual latent cancer fatality risk falls more than an order of magnitude below the objective. The 95th 
percentile of the distribution for individual early fatality risk falls over two orders of magnitude below the 
corresponding health objective. However, the health objectives apply to the total risk of the Surry plant and 
therefore include all modes of operation and accidents caused by internal and external events. The risk 
estimates of this study are for accidents initiated by internal events during mid-loop operation and therefore 
reflect only a fraction of total risk of the Surry plant. 
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Figure 9.1 Results of the Risk Analysis for Internal Initiators 
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Table 9.2 Distribution of Fractional Contribution to Risk for the Plant Damage States 

Fractional Contribution to Risk PDS-1 PDS-2 PDS-3 PDS-4 

Early Fatalities 

7.74E-01 3.29E-04 1.89E-04 5th Percentile 7.86E-04 

Median 1.43E-02 9.54E-01 4.86E-03 3.47E-03 

9.3OE-01 1.46E-02 1.37E-02 Mean 4.16E-02 

95th Percentile 1.71E-01 9.97E-01 6.21E-02 7.7OE-02 

Standard Deviation 5.79E-02 7.20E-02 2.30E-02 2.33E-02 

11 Latent Fatalities, 50 mi 

11 5th Percentile I 1.63E-03 I 7.17E-01 I 1.55E-03 I 1.16E-03 
~ ~~~ 

Median 3.29E-02 9.22E-01 1.82E-02 9.73E-03 

Mean 5.36E-02 8.96E-0 1 2.57E-02 2.47E-02 

95th Percentile 1.97E-01 9.87E-01 8.99E-02 1.02E-01 

Standard Deviation 6.30E-02 8.57E-02 2.53E-02 3.47E-02 
~ ~ ~ ~~ ~~~ 

11 Latent Fatalities. 1000 mi 

11 5th Percentile I 1.24E-03 I 7.26E-01 I 1.48E-03 I 7.69E-04 

Median 2.44E-02 9.32E-01 1.62E-02 8.11E-03 

Mean 4.99E-02 9.06E-0 1 2.24E-02 2.17E-02 

95th Percentile 1.93E-01 9.9OE-0 1 7.08E-02 9.97E-02 

Standard Deviation 6.18E-02 8.11E-02 2.27E-02 3.11E-02 

11 Population Dose, 50 mi 

5th Percentile 1.64E-03 7.19E-01 1 S9E-03 1.17E-03 

Median 3.29E-02 9.21E-01 1.83E-02 9.78E-03 

Mean 5.41E-02 8.95E-0 1 2.61E-02 2.51E-02 
~~~~~ 

95th Percentile 1.97E-01 9.87E-01 9.14E-02 1.03E-01 

Standard Deviation 6.34E-02 8.63E-02 2.54E-02 3.49E-02 
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Table 9.2 (continued) 

Fractional Contribution to Risk PDS-1 PDS-2 PDS-3 PDS-4 

Population Dose, 1000 mi 

11 5th Percentile I 1.26E-03 I 7.27E-01 I 1.49E-03 I 7.99E-04 

Median 2.48E-02 9.33E-01 1.65E-02 7.96E-03 

Mean 4.99E-02 9.06E-0 1 2.24E-02 2.17E-02 

95th Percentile 1.90E-01 9.90E-0 1 7.25E-02 9.90502 

Standard Deviation 6.17E-02 8.10E-02 2.26E-02 3.11E-02 

11 Individual Early Fatalities Risk, 1 mi 

5th Percentile 7.82E-04 7.78E-01 3.29E-04 2.17E-04 

Median 1.51E-02 9.54E-01 4.82E-03 3.69E-03 

11 Mean I 4.16E-02 I 9.29E-01 I 1.52E-02 I 1.41E-02 

95th Percentile 1.75E-01 9.97E-01 6.68E-02 8.15E-02 

Standard Deviation 5.78E-02 7.19E-02 2.29E-02 2.38E-02 

11 Individual Latent Fatalities Risk, 10 mi 

5th Percentile 2.02E-03 6.80E-01 1.76E-03 1.56E-03 

1.25E-02 Median 4.10E-02 9.08E-01 2.08E-02 

11 Mean I 5.87E-02 I 8.83E-01 I 2.96E-02 I 2.84E-02 

11 95th Percentile 2.08E-01 9.85E-01 8.60E-02 1.23E-01 

11 Standard Deviation I 6.46E-02 I 9.23E-02 I 2.95E-02 I 4.01E-02 
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Table 9 3  Distribution of Risk for the Plant Damage States 

Absolute Risk PDS-1 PDS-2 PDS-3 PDS-4 

Early Fatalities 

5th Percentile 8.76E- 13 1.25E-10 1.55E-13 1.74E- 13 

1.23E-11 Median 4.19E- 1 1 3.47E-09 2.72E-11 

11 Mean 
_ _ _ _ ~  

I 2.34E-09 I Y 5 4 E - 0 8  -1 5.29E-10 I 6.87E-10 

95th Percentile 7.80E-09 1.49E-07 1.93E-09 2.71E-09 

Standard Deviation 1.29E-08 1.54E-07 1.99E-09 3.68E-09 

11 Latent Fatalities, 50 mi 

5th Percentile 1.41E-06 1.28E-04 9.51E-07 4.5OE-07 

Median 2.83E-05 7.66E-04 2.01E-05 1.01E-05 

Mean 9.59E-05 2.28E-03 4.58E-05 4.12E-05 

11 95th Percentile I 5.15E-04 I 8.48E-03 I 1.94E-04 I 1.68E-04 

11 Standard Deviation I 1.64E-04 I 3.56E-03 I 6.95E-05 I 7.44E-05 
~~ 

11 Latent Fatalities, 1000 mi 

5th Percentile 6.60E-06 7.20E-04 3.70E-06 1.70E-06 

Median 1.30E-04 5.1OE-03 l.lOE-04 6.3OE-05 

Mean 5.52E-04 1.47E-02 2.71E-04 2.32E-04 
~ ____- 

95th Percentile 2.40E-03 5.30E-02 1.2OE-03 9.60E-04 

Standard Deviation 1.0 1E-03 2.48E-02 4.59E-04 4.97E-04 

11 Population Dose, 50 mi 

5th Percentile 3.65E-05 3.18E-03 2.41E-05 1.10E-05 

Median 6.92E-04 1.78E-02 5.00E-04 2.55E-04 

Mean 2.24E-03 5.36E-02 1.10E-03 9.80E-04 
I I 

95th Percentile I 9.57E-03 I 1.74E-01 I 4.39E-03 I 4.09E-03 

Standard Deviation I 3.88E-03 I 8.48E-02 I 1.66E-03 I 1.77E-03 
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Table 9 3  (continued) 

Absolute Risk PDS-1 PDS-2 PDS-3 PDS-4 

Population Dose, 1000 mi 

11 5th Percentile I 1.50E-04 I 1.70E-02 I 8.90E-05 I 4.10E-05 
~ ~~ ~ ~ ~ ~ ~~ ~ 

Median 3.10E-03 1.20E-01 2.50E-03 1.50E-03 

Mean 1.30E-02 3.42E-01 6.32E-03 5.45E-03 

95th Percentile 5.80E-02 1.20E+00 2.70E-02 2.30E-02 

Standard Deviation 2.40E-02 5.73E-01 1.07E-02 1.17E-02 

11 Individual Early Fatalities Risk, 1 mi* 

5th Percentile 3.70E-14 5.90E- 12 7.10E- 15 6.90E-15 

Median 1 SOE- 12 1.2OE-10 9.60E- 13 5.60E-13 

7.00E-11 1.64E-09 1.94E- 1 1 2.08E-11 I ::Percentile 3.30E-10 6.50E-09 8.10E- 1 1 1.10E-10 

11 Standard Deviation I 2.91E-10 I 5.25E-09 I 7.14E-11 I 8.71E-11 

11 Individual Latent Fatalities Risk, 10 mi* 

5th Percentile 2.OOE-12 1.20E-10 1.10E-12 6.20E-13 

Median 2.7OE-11 6.40E-10 1.90E- 1 1 1 .OOE- 1 1 
~ ~~ 

Mean 8.96E-11 1.92E-09 4.20E-11 4.00E-11 

95th Percentile 4.60E- 10 6.90E-09 1.70E-10 1.70E-10 

Standard Deviation 1.48E-10 2.88E-09 5.81E-11 6.72E-11 

*NRC quantitative health objectives: 
0 Individual early fatality risk within one mile to be less than 5 x 
0 Individual latent cancer fatality risk within 10 miles to be less than 2 x 

per reactor year. 
per reactor year. 
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10 COMPARISON TO FULL POWER RESULTS 

This chapter compares the results of the risk estimates for accidents during mid-loop operation with the risk 
estimates' for accidents occurring at power. The mid-loop risk estimates are for three mid-loop POSs, namely 
POS 6 and POS 10 of a refueling outage and POS 6 of a drained maintenance outage. The risk results 
therefore do not represent the risk from all low power and shutdown operations. The risk estimates (because 
they are on a yearly basis) also reflect the rather short time that the plant is at mid-loop. 

10.1 Core Damage Frequency Analysis 

The results of the core damage frequency analysis are discussed in detail in Volume 2 of this report, which 
also includes a comparison with the full power study. In order to appreciate the accident progression analysis 
and risk estimates a description of the core damage frequency results is included in this chapter. Four 
statistical measures of the core damage frequency distribution (CDF) for accidents during mid-loop operation 
are compared with similar measures for accidents during power operation below: 

Core Damage Frequency 
for Mid-Loop Operation 

(per reactor year) 

Core Damage Frequency 
for Full-Power Operation 

(per reactor year) 

95th Percentile 1.9E-5 1.OE-4 

Mean 4.2E-6 4.1E-5 

50th Percentile 2.OE-6 2.5E-5 

5th Percentile 3.2E-7 9.8E-6 

The mean core damage frequency of accidents initiated by internal events during mid-loop operation is about 
an order of magnitude lower than the mean frequency of accidents during full power operation. In addition 
the mean and median frequencies of the two distributions were within a factor of approximately two. 
However, the tails of the distributions do overlap and therefore for some cases the mid-loop core damage 
frequency could be higher than the full power frequency. 

The CDF analysis is coupled to the accident progression analysis through the plant damage states (PDS). Of 
particular interest is the characteristics of the PDS groups and their relative contribution to the core damage 
frequency estimates. The PDS characteristics are important because they strongly influence the subsequent 
accident progression. Table 10.1 displays the PDS contributors to the core damage frequency for both studies. 
Four statistical measures (namely the 5th percentile, median, mean and 9th percentile) on the distributions 
of the various PDS groups are given in Table 10.1. 

Accident sequences in which the operators did not correctly diagnose the situation or take proper actions were 
the largest contributor (approximately two-thirds of the total) to the mean core damage frequency for mid-loop 
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operation. Accident sequences that lead to station blackout during mid-loop operation (loss of the 4 kV Bus 
is similar to a station blackout) contribute about 10 percent to the mean CDF. Other accidents were identified 
that resulted in loss of core cooling after depletion of the refueling water storage tank and failure of 
recirculation. The leading cause of recirculation failure was found to be plugging of the suction from the 
sump. These accidents contribute about 20 percent to the mean core damage frequency. 

Station Blackout accidents were the largest contributor (approximately two-thirds of the total) to the mean 
core damage frequency for accidents initiated by internal events during power operation. Other accidents 
initiated by loss-of-coolant accidents (LOCAs), transient events and anticipated transient without scram 
(ATWS) contributed about 25 percent to the mean CDF. Accidents that result in containment bypass (steam 
generator tube ruptures (SGTR) and interfacing systems LOCAs) contributed less than 10 percent to the mean 
CDF. 

The plant damage states in Table 10.1 cannot be directly compared because the plant configuration during 
mid-loop operation is different than the configuration during full power operation. For example a Station 
Blackout during full power operation will have a different accident progression than a Station Blackout during 
mid-loop operation. An important difference is that the containment may not be isolated during mid-loop 
operation whereas the containment was found to be isolated for most of the accidents at full power. 
Differences in the status of containment integrity during mid-loop and full power operation have an important 
influence on the accident progression analysis and risk estimates. In the following sections differences in the 
plant configuration (and hence plant damage states) between mid-loop and low power are indicated. 

10.2 Accident Progression Analysis 

The plant damage states developed for the mid-loop and full power studies cannot be directly compared. An 
attempt was therefore made to summarize the results of the accident progression analyses performed for the 
two studies in such a way that differences in containment status could be ascertained for each of the plant 
damage states. Table 10.2 summarizes the probability of accident progression bins (APB) conditional on the 
various PDS groups for full power operation (NUREG/CR-4551, Volume 3) and for mid-loop operation 
(Chapter 6 of this report). The table has been constructed in such a way that APBs have the same meaning 
in both studies. For example accidents that “bypass” containment were identified in the full-power study but 
not in the mid-loop study, whereas “containment not isolated” was an important APB for accidents during 
mid-loop operation but not for full power. 

The most significant difference in the results given in Table 10.2 relates to the probability of the containment 
not being isolated. In the full power study the probability for the containment not being isolated was very 
small because during power operation the Surry containment is maintained at a subatmospheric pressure and 
therefore containment leakage would be detected. However, the probability of the containment not being 
isolated was determined to be high for most of the plant damage states during mid-loop operation. In fact, 
the plant damage state that is the largest contributor to the mean core damage frequency (PDS 2 - Human 
Error) has a very high conditional probability for the containment being open. This is because it was 
determined in the accident progression analysis that if operator error due to failure to diagnose the accident 
led to core damage then the operators probably would not have taken measures to isolate containment. 

Another difference between the results in Table 10.2 relates to accidents that bypass the containment. In the 
full power study accidents that bypass the containment contribute less than 10 percent to the mean CDF but, 
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because they are high consequence events, they are large contributors to the risk estimates (as indicated in 
Section 10.5 below). However, in the mid-loop study accidents that bypass the containment (such as SGTRs 
or interfacing systems LOCAs) were not included because the configuration of the plant precludes such events. 

The probability for early containment failure caused by such phenomena as hydrogen combustion, direct 
containment heating and steam explosions was found to be very low for all PDS groups in the full study. This 
is because the failure pressure of the containment was determined to be much higher than the design pressure 
and the loads predicted from the phenomena were generally lower than the failure pressures. The probability 
for early containment failure was also found to be small for accidents during mid-loop operation except for 
accidents involving station blackout and loss of the 4 kV bus. For these accident sequences the mean 
conditional probability for early containment failure was determined to be between 0.1 and 0.2. The cause 
of early containment failure was determined to be hydrogen combustion, which is a problem during mid-loop 
operation for two reasons. Firstly, if the operators are able to isolate containment during an accident in mid- 
loop operation there is a possibility that they may not be able to achieve full pressure retaining capability in 
the time available. The higher containment failure probability in the mid-loop study therefore reflects the 
lower pressure retaining capability of the containment relative to the capability expected during power 
operation. Secondly, for accidents involving station blackout it is unlikely that an ignition source would be 
available to ignite the hydrogen until power is recovered. This means that large quantities of unburned 
hydrogen could accumulate in containment. The higher early containment failure probability for station 
blackout accidents during mid-loop operation therefore also reflects the possibility that power will be restored 
after a large quantity of hydrogen has accumulated in containment. 

The conditional probability of late containment failure, caused by the core debris penetrating the basemat or 
by overpressurizing the containment (due to the accumulation of steam and noncondensible gases) was 
determined to be between 0.01 and 0.1 for accidents during full power operation. Both of these failure 
mechanisms were eliminated for accidents during mid-loop operation based on deterministic calculations 
(described in Chapter 6). The calculations indicated that the decay heat levels for accidents during mid-loop 
operation were not sufficiently high to cause late containment failure by basemat penetration or containment 
overpressurization. 

Finally, the mean conditional probability of the containment being intact (i.e., isolated, not bypassed, no 
excessive leakage, and no containment failure) was determined to be high (Le., between 0.8 and 0.9) for all 
PDS groups in the full power except for the PDS group containing bypass accidents. As noted above, bypass 
accidents contribute less than 10 percent to the mean CDF in the full power study. The mean conditional 
probability of the containment being isolated varied over a wide range for accidents during mid-loop operation. 
The range varied from 0.05 (Human Error PDS) to about 0.9 for accidents involving loss of recirculation. 
However, as the Human Error PDS is the largest contributor to the mean CDF the probability of the 
containment being intact conditional on the mean CDF for all internal events during mid-loop operation was 
less than 0.3. This compares with a probability of the containment being intact conditional on the mean CDF 
for accidents during power operation of over 0.8. This difference in containment integrity during mid-loop 
and full power operation has an important influence on the risk estimates as indicated in Section 10.2.5. 

10.3 Results of the Source Term Analysis 

The source term model (SURSOR) used in the full power study was considered suitable for use in the mid- 
loop study with only minor modifications. This suitability was based on comparisons with calculations from 
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a deterministic code, MELCOR, and the views expressed by an expert review panel drawn from staff at Sandia 
and Brookhaven National Laboratories. Therefore, as the same source term model was used in the two 
studies the source terms are similar for similar accident progression bins. Although the source term 
calculations are similar for the two studies the risk estimates for mid-loop operation are influenced by the 
changing radionuclide inventories for the various accidents because they can occur a long time after shutdown. 
In order to account for the changing radionuclide inventory the partitioning method used in the full power 
study to combine the source terms into a smaller number of representative source term groups had to be 
modified for the mid-loop study. Therefore, a direct comparison of the source term groups determined for 
the two studies would be difficult because of the changing inventory associated with accidents during mid-loop 
operation. 

10.4 Consequence Analysis 

The approach used to calculate offsite consequences was similar in both studies. The major difference was 
that the latest version of the MACCS code was used to evaluate the offsite consequence measures in the mid- 
loop study. The latest version of MACCS incorporates the BEIR V update to the latent cancer versus dose 
relationship, whereas the full power study used in an earlier version of MACCS, which did not include the 
latest BEIR V update. The latest BEIR V update gives a factor of approximately three times higher latent 
cancers for the same value of population dose. 

10.5 Risk Analysis 

Table 10.3 presents statistical measures of the distributions for seven consequence measures for accidents 
during mid-loop operation obtained from this study. Similar statistical measures for full power operation 
obtained from the NUREG-1150 study of Surry are also included in the table. 

Table 10.3 indicates that the mean risk of offsite early health effects is over two orders of magnitude lower 
for accidents during mid-loop operation than for full power in spite of the lack of mitigative features. This 
is due to the natural decay of the radionuclide inventory (because the accidents occur a long time after 
shutdown) particularly the short-lived isotopes of iodine and tellurium, which are primarily associated with 
early health effects. The statistical measures for latent cancer fatalities (only 1000 miles was reported in 
Ref. 1) differ by a factor of approximately three, although the statistical measures for population dose (1000 
miles) for mid-loop and full power operations are similar. This difference is largely explained by differences 
in the latent cancer versus dose relationship in the different versions of MACCS (refer to section 10.4) used 
in the two studies. 

10.6 References 

1. Breeding, R. J., et al., “Evaluation of Severe Accident Risks: Surry Unit 1,” NUREG/CR-4551, Volume 
3, Revisioli 1, Parts 1 and 2, 1990. 
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a deterministic code, MELCOR, and the views expressed by an expert review panel drawn from staff at Sandia 
and Brookhaven National Laboratories. Therefore, as the same source term model was used in the two 
studies the source terms are similar for similar accident progression bins. Although the source term 
calculations are similar for the two studies the risk estimates for mid-loop operation are influenced by the 
changing radionuclide inventories for the various accidents because they can occur a long time after shutdown. 
In order to account for the changing radionuclide inventory the partitioning method used in the full power 
study to combine the source terms into a smaller number of representative source term groups had to be 
modified for the mid-loop study. Therefore, a direct comparison of the source term groups determined for 
the two studies would be difficult because of the changing inventory associated with accidents during mid-loop 
operation. 
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10 Comparison to Full Power Results 

Table 10.1 Comparison of the PDS Core Damage Frequencies (per reactor year) 
for Mid-Loop and Full-Power Operation (Internal Events Only) 

Full-Power Operation 
~ ~ ~~ 

PDS 5th Percentile Median Mean 95th Percentile 

Station Blackout 
~ ~~ 

Short Term 1.2E-7 1 SE-6 5.4E-6 2.1E-5 

Long Term 1.6E-6 1.1E-5 2.2E-5 6.4E-5 

ATWS 2.9E-8 4.2E-7 1.4E-6 6.5E-6 

LOCAS 1.2E-6 3.9E-6 6.1E-6 2.OE-5 

Interfacing LOCA 3.6E-11 4.9E-8 1.6E-6 8.2E-6 

SGTR 4.5E-7 1.4E-6 1.8E-6 4.7E-6 

Total 9.8E-6 2.5E-5 4.1E-5 1.OE-4 

II Mid-Loop Operation II 
PDS 5th Percentile Median Mean 95th Percentile 

Station Blackout 1.9E-8 1.2E-7 4.OE-7 1.7E-6 

Human Errors 2.1E-7 1.OE-6 2.8E-6 1.3E-5 

Loss of Recirculation 5.3E-8 4.1E-7 7.8E-7 3.3E-6 

Loss of 4 kV Bus 8.9E-9 8.9E-8 2.2E-7 1.3E-6 

Total 3.2E-7 2.OE-6 4.2E-6 1.9E-5 
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CL 
0 

SBO 

(2.83-5) 

Table 10.2 Comparison of the Mean Probabilities of APBs Conditional on PDS Groups for Mid-Loop and Full-Power Operation 
(Internal Events Only) 

~ 

ATWS Transients LOCAs 

(1.43-6) (1.8E-6) (6.13-6) 

Accident 
Progression 

Bin 
Groups 

.ll 

- 

Early 
Containment 
Failure 

.03 

- Late 
Containment 
Failure 

Containment 
Bypass 

Containment 
Not Isolated 

No VB, 
No CF 

VB, No CF 

Full-Power Operation 

Plant 1 

Bypass 

(3.43-6) 

- 

1 .o 

lamage State Groups? 

Error 
(4.134) (43-7) (2.83-6) 

.007 .17 - 

.059 - - 

.122 - - 

- .28 .95 

.346 .37 .02 

.466 .I8 .03 

[id-Loop Opera 

Loss of 
Recirculation 

(7.83-7) 

.03 

.10 

.87 

* Reproduced from NUREG/CR-4551, Volume 3 
** Reproduced from Table 6.6 

*** The values given under the “All” column are frequency-weighted averages and not totals. 

VB Vessel Breach 
CF Containment Failure 

? Values given in parentheses are core damage frequency per reactor year for each plant damage state group. 

i; 
w 
E - 
cd 
0 
8 
2 



Table 10.3 Comparison of Distributions of Risks for Mid-Loop and Full-Power Operation 
(All Values per Reactor Year; Population Doses in P-Sv per Year) 

5th Percentile 

Mid- Full- 

Early Fatalities I1.26E-10 I 7.60E-10 

Latent Fatalities within 50 mi I1.55E-04 I N.A. 

Latent Fatalities within 1000 mi I7.97E-04 I 3.10E-04 

Population Dose within 50 mi I3.77E-03 I 5.90E-03 

Population Dose within 1000 mi I 1.87E-02 I 1.9OE-02 

Individual Early Fatalities Risk within 1 mi I 6.00E-12 I 1.40E-11 

Individual Latent Fatalities Risk within 10 mi I 1.20E-10 I 1.60E-10 

N.A. - Not Available 

Mid- 
Loop 

3.57E-09 

8.34E-04 

5.35E-03 

1.98E-02 

1.25E-01 

1.27E-10 

7.48E-10 

ian Mean 95th Percentile Standard 
Deviation 

Full- Mid- Full- Mid- Full- 

7.00E-08 I 4.90E-08 I 2.00E-06 I 1.59E-07 I 5.40E-06 I 1.69E-07 I N.A. 11 
N.A. 2.46E-03 N.A. 8.78E-03 N.A. 3.68E-03 N.A. 

2.20E-03 1.57E-02 5.20E-03 5.50E-02 1.90E-02 2.52E-02 N.A. 

2.70E-02 I 5.79E-02 I 5.80E-02 I 1.89E-01 I 2.50E-01 I 8.77E-02 I N.A. 11 
1.30E-01 I 3.66E-01 I 3.10E-01 I 1.29E+00 I 1.20E+00 I 5.9OE-01 I N.A. 11 
8.70E-10 I 1.74E-09 I 1.60E-08 I 6.94E-09 I 4.90E-08 I 5.52E-09 I N.A. 11 

2.09E-09 1.70E-09 7.1 OE-09 8.1 OE-09 3.01E-09 N.A. cL 
0 



11 OPEN ISSUES 

Several open issues were identified in the course of the study which potentially impact the risk of mid-loop 
operation and the uncertainty in the risk. A number of these issues relate to modeling of physical processes 
while others relate to lack of information. In some cases, if more information was made available then the 
uncertainty in the risk estimates could be reduced. In other cases significant additional analysis would be 
required to reduce uncertainty. The open issues have been grouped under four categories: (i) the status of 
procedures in place for dealing with accident conditions, (ii) the availability of systems for terminating the 
progress of an accident or mitigating its effects, (iii) environmental conditions in the plant which could impede 
recovery actions and (iv) recent changes in plant configuration during mid-loop operation. 

11.1 Status of Procedures 

An important issue surfaced by the study is the status of containment isolation during mid-loop operation and 
the adequacy of the procedures in place for achieving isolation if an accident occurs. This issue is discussed 
in more detail in Chapter 4. In the abridged study it was assumed that the containment could not be isolated 
in the time frame available before core damage and the start of the release of the core inventory. New 
procedures have been subsequently developed at Surry to address containment closure during mid-loop 
operation. However, questions still remain in the present study as to the adequacy of these procedures in 
ensuring the pressure retaining capability of the containment even if it is successfully isolated. This issue 
therefore remains an important contributor to the uncertainty associated with containment performance and 
determination of risk during mid-loop operation. 

There are no procedures in place to ensure that the containment sump will be available as a source of water 
for recirculation cooling during an accident occurring in mid-loop operation. Plugging of the sump by 
temporarily stored materials required for performing plant maintenance during shutdown was found to be one 
of the contributors to core damage and risk due to failure of recirculation cooling. 

11.2 Systems Unavailability 

There is no requirement during mid-loop operation at Surry for the containment sprays to be available. 
Containment sprays are an important system during accident conditions for condensing steam and removing 
heat. Sprays are also potentially effective as a mitigation system for scrubbing fission products released as an 
aerosol and reducing the source term to the environment. Spray availability was therefore treated as an 
uncertainty parameter in the analysis; its potential availability during mid-loop operation was based on 
discussions with Surry plant personnel. However, if the sprays are available they would have to be manually 
actuated during mid-loop operation as automatic actuation is disabled at RCS temperature below 350°F. 

One open issue relates to the effect of spray activation after core damage when a large amount of radioactive 
aerosols and gases could be present in the containment atmosphere. If the containment is unisolated water 
droplets from the sprays could displace the atmosphere inside containment and cause the aerosols and gases 
to be released through the opening in the containment boundary at a faster rate than if the sprays had not 
been activated. This effect could exacerbate the release to the environment; however, it was not modeled in 
the present study. 
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11 Open Issues 

11.3 Impact of Environmental Conditions on Recovery Actions 

The impact of environmental conditions in the plant after the start of bulk boiling on the potential for 
successfully performing recovery actions is another important issue. I t  may be difficult to carry out recovery 
actions, which cannot be carried out from the control room, after bulk boiling of the reactor coolant inventory 
begins. There are several actions during mid-loop operation that can only be performed by entering the 
containment, for example, restoring RHR and, for station blackout sequences, opening valves to feed the 
steam generator. The HRA considered the impact of environment as part of the quantification of recovery 
actions. At temperatures around 140-150°F, the air is too hot for normal pulmonary function and self- 
breathing respirators may be required for emergency personnel which would also significantly decrease the 
possibility of success of recovery actions. The uncertainty in the status of containment, referred to above, cuts 
across this issue. If the containment was isolated, it is unlikely that it would be re-opened to undertake a 
recovery action once it was recognized that core uncovery was imminent or had occurred as indicated by the 
radiation monitors. On the other hand, if the containment were unisolated or had no pressure holding 
capability, the high radiation levels in its immediatevicinity as shown by the onsite dose rates would also make 
recovery actions inside it unlikely. The impact of environment on the ability of operators to perform recovery 
actions remains an important issue which contributes to the overall uncertainty. 

The impact of recovering cooling water early in the accident progression after core uncovery but before vessel 
breach is also an open issue. If the clad becomes embrittled on heat up it could fracture on quenching 
releasing the gap inventory. Water could then enter the ruptured fuel rods and leach out iodine (and other 
volatile fission products) from the fuel matrix. Depending on temperature and solubility limits, the iodine 
would be partitioned between the water in the vessel and the containment atmosphere. While this accident 
scenario is not likely to have any significant offsite consequences, it could have important onsite implications 
particularly for recovery actions. This type of release was not modeled in the study. 

An issue related to the environmental conditions during accident progression which was also surfaced in the 
abridged study is related to the onsite dose predictions. Because containment performance is uncertain, the 
onsite “parking lot” dose rates are large. This finding highlights the importance of onsite evacuation schemes 
to limit the potential consequences to the exposed workers because there is a much larger population of onsite 
personnel performing maintenance duties, etc. during shutdown operation as compared with normal, full power 
operation. 

11.4 Changes in Plant Configuration During Mid-Loop Operation 

The impact of the ongoing risk study of mid-loop operation has had an impact on plant configuration and 
plant procedures during shutdown at Surry. The study has identified potentialvulnerabilities over the last few 
years and the plant staff have responded, if they felt that a response was warranted, by making changes and 
improvements to plant configuration and procedures during shutdown (including mid-loop operation) to 
reduce these vulnerabilities. While these responses are encouraging and lead to improved plant safety, it has 
precluded an analysis based on a constant plant configuration and operations. In order to complete the study, 
some compromises had to be made therefore on how much new information could be incorporated within the 
time available. 
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12 SUMMARY AND CONCLUSIONS 

A systematic evaluation of risk has been performed for mid-loop operation at the Surry Unit 1 plant. The 
analysis includes accident frequency, accident progression, source terms, consequences, risk and a 
determination of the uncertainty in each of the component analyses and in the final risk measures. 

The analysis takes into account the long time after shutdown that the accidents can occur and the impact of 
the consequent decay in power level and radionuclide inventory on the risk. The inclusion of this time factor 
in a risk analysis is a new development in PRA technology and represents a strength of the study from the 
methodological standpoint. 

The results contained in the preceding Chapters of this report are based on the analysis of accident frequency 
during mid-loop operation (documented in Volume 2) where the accident sequences leading to core damage 
were binned into four plant damage state (PDS) groups: PDS 1 (station blackout events), PDS 2 (human 
errors, failure to diagnose or take proper actions on the part of the operators), PDS 3 (recirculation cooling 
failure) and PDS 4 (loss of 4 kV bus). These PDS served as the entry point for the further analysis of accident 
progression, the determination of potential recovery actions, and the evaluation of source terms, consequences 
and risk. 

The main finding of the study is that during mid-loop operation the risk of consequence measures related to 
long-term health effects, latent cancer fatalities and population dose, are high, comparable to those at full 
power, despite the much lower level of the decay heat and the radionuclide inventory. The reason for this 
is that there is a lack of mitigative features for a significant fraction of the accidents initiated during mid-loop 
operation so the releases to the environment are large and the radionuclide species which mostly contribute 
to long-term health effects (such as cesium) have long half-lives. PDS 2 (diagnostic and corrective action 
failures) makes the largest contribution to the risk. Another finding of the study is that the risk of early 
fatalities is low despite the unisolated containment due to the decay of the short-lived radionuclide species 
such as iodine and tellurium which contribute to early fatality risk. The risk estimates have a range of 
uncertainty extending over approximately two orders of magnitude from the 5th to the 95th percentile of the 
distribution. The conclusions drawn from this finding are discussed below. 

Containment Status 

The major factor driving the risk is the status of containment during mid-loop operation. As discussed in 
more detail in Chapters 4 and 11, there is a high probability that the containment is either unisolated or that 
it would not have full pressure retaining capability during mid-loop operation. This is particularly the case 
for PDS 2. If the operators fail to diagnose the accident it was judged unlikely that they would take action 
to isolate containment or could succeed in doing so within the available time frame. For PDS 2, it was 
determined that the conditional probability (conditional on core damage) of the containment being unisolated 
ranged from 0.67 (5th percentile) to 0.99 (95th percentile) with a mean of 0.89. For other PDSs, the 
conditional probability of isolating the containment was judged to be higher. Overall, however, the conditional 
probability of the containment being unisolated ranged from 0.39 (5th percentile) to 0.88 (95th percentile) with 
a mean of 0.67. This factor played a significant role in influencing the risk estimates of mid-loop operation. 

Vol. 6, Part 1 12-1 NUREG/CR-6 144 



12 Summary and Conclusions 

During the course of the study, Surry plant personnel made available new procedures for containment closure 
during mid-loop operation. While this response is encouraging in recognizing the need to reduce the 
vulnerability of the plant during mid-loop operation, it was difficult to assess the adequacy of these procedures 
in ensuring the pressure retaining capability of the containment within the time frame encompassed by this 
study. This feature contributed significantly to the uncertainty in containment status and the estimate of risk. 

Availability of Containment Sprays 

There is no requirement at Surry for the containment sprays to be available during shutdown. Plant records 
show that the spray systems could be inoperable because of maintenance. Spray availability was modeled as 
an uncertainty parameter in the risk analysis. Since the sprays perform an important safety function in 
mitigating the effects of releases, spray unavailability contributed both to the risk and its uncertainty. 

Possibility of Core Damage Arrest 

The inclusion of the possibility of arresting the core degradation process before vessel failure is an important 
feature of this analysis as it was for the full power study. Termination of the accident in-vessel can 
significantly reduce some of the fission product releases and thus the risk. The potential for core recovery 
depends on the nature of the accident progression and is different for the various PDS Groups. For PDS 
Group 1 (SBO events) the conditional probability of core damage arrest (conditional on core damage) ranges 
from 0.45 (5th percentile) to 0.71 (95th percentile) with a mean of 0.55. The dominant factor affecting the 
arrest of core damage for this PDS Group is recovery of offsite power. For PDS Group 4 (loss of 4 kV bus) 
the conditional probability of arresting core damage ranges from 0.03 (5th percentile) to 0.86 (95th percentile) 
with a mean of 0.59. Recovery of the 4 kV bus is the major factor for this PDS. Accidents in PDS Group 
2 are attributable to human error and the conditional probability of arresting core damage for this PDS Group 
ranges from 0.39 (5th percentile) to 0.45 (95th percentile) with a mean of 0.42. Recovery for PDS Group 2 
depends on the operators making a correct diagnosis or taking proper action. Accidents in PDS Group 3 are 
initiated by recirculation failure due to sump plugging and recovery of the recirculation system and arresting 
further degradation of the core was assumed to be not possible after core damage occurs. Overall, the 
conditional probability of core damage arrest ranged from 0.23 (5th percentile) to 0.44 (95th percentile) with 
a mean of 0.35. 

I 

Comparison with Full Power Study 

The results of the present study are compared with the results of the full power study in Chapter 10. The 
comparison has shown that the mean core damage frequency for accidents during mid-loop operation is about 
an order of magnitude lower than the mean frequency of accidents caused by internal events at full power. 
In NUREG-1150, the 50 mile population dose ranged from about 5E-3 P-Sv/year (5th percentile) to 3E-1 P- 
Sv/year (95th percentile) with a mean of 6E-2 P-Sv/year. For mid-loop operation, the corresponding range 
is from 4E-3 P-Sv/year (5th percentile) to 2E-1 P-Sv/year (95th percentile) with a mean of 6E-2 P-Sv/year. 
What this finding implies is that the lower decay heat and lower radionuclide inventory of the mid-loop 
operating state, compared with full power, is offset by the likelihood of containment being unisolated. Finally, 
the mean risk of early health effects is over two orders of magnitude lower for accidents during mid-loop 
operation than for accidents during full power operation. This is due to the natural decay of those 
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12 Summary and Conclusions 

radionuclide species which have the greatest impact on early fatality risk because accidents during mid-loop 
operation occur a long time after shutdown. 

Comparison With the Safety Goals 

Comparison of the results of this study against the NRC safety goals is done for the two quantitative health 
objectives identified in the Commission’s policy statement of August 1986. These objectives deal with 
individual early fatality and latent cancer fatality risks within 1 mile and 10 miles of the site, respectively. The 
numerical value of these objectives are given in Table 9.3. The 95th percentile of the distribution for 
individual latent cancer fatality risk presented in Chapter 9 (refer to Table 9.1) falls more than an order of 
magnitude below the objective. The 95th percentile of the distribution for individual early fatality risk (refer 
to Table 9.1) falls over two orders of magnitude below the corresponding health objective. The health 
objectives, however, apply to the total risk of the Surry plant. The risk estimates of this study are for accidents 
initiated by internal events during mid-loop operation and therefore reflect only a fraction of the total risk at 
Surry. 
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