
 

 

Sandia National Laboratories 

P.O. Box 5800; Mail Stop 0779 
Albuquerque, New Mexico 87185-0779 

 

      October 12, 2015 

 
Tina Ghosh 
Division of Systems Analysis 
Office of Nuclear Regulatory Research 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 
 
Dear Ms. Ghosh: 
 
The purpose of this letter is to transmit meeting summaries and working documents related to the Surry 
Uncertainty Analysis (UA).  The SOARCA Surry UA project was initiated in January, 2013, but was then 
delayed until October 2013 when full funding became available. A draft NUREG/CR documenting the 
severe accident and consequences analysis performed in an uncertain framework was submitted to 
NRC for review on June 19, 2015.  In the course of this detailed and complex effort, there were many 
internal Sandia meetings and joint NRC working meetings to discuss various project details and 
activities. Meetings related to key activities were documented, and these meeting summaries are 
included in Attachment A to this letter. 
 
One of the main activities of the Surry UA was development of the technical basis for parameters that 
were to be made uncertain in the calculations.  An initial parameter list was prepared and reviewed 
jointly by Sandia and NRC technical staff very early in the project.  Parameter distributions were 
developed and reviewed internally at Sandia and then together with NRC.  To facilitate parameter 
development a storyboard process was implemented where responsible staff documented the technical 
justification and type of distribution, and documented the rationale for selecting the distribution.  This 
was done to capture, in a concise format, specific information regarding each parameter from which the 
detailed technical basis would be developed and documented in the NUREG/CR. The final storyboards 
are also included in Attachment A to this letter.   
 
The set of meeting summaries are mostly related to developing the technical basis for the uncertain 
parameters.  Additional meeting summaries, such as the project kickoff meeting and lessons learned 
are also included.  As early calculations were completed during the course of the project, preliminary 
results were reviewed and adjustments were often made to parameters to address modeling issues. 
These adjustments were made in the draft NUREG/CR, rather than maintaining current storyboards 
and editing both documents. Therefore, the meeting summaries and storyboards are intended to 
provide insight into the process applied in development of the parameters, and may not include the final 
approach, distributions, or parameter values used in the calculations.  Final values are identified in the 
Surry UA document.  If you have questions or comments, please feel free to call me at 505-844-2822. 
 
        Sincerely, 

                    
        Joe Jones, Project Manager 
        Severe Accident Analysis Department  
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Letter Report - Attachment A 
 

Meeting Summaries and Parameter Storyboards 
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Compilation of Surry Uncertainty Analysis 
 Meeting Summaries 

 
 
The Surry uncertainty analysis (UA) project was initiated in January, 2013.  However, the project was 
then delayed until FY 2014 when full funding became available.   As with any large scale effort of this 
type, there were many meetings to discuss project details and activities.  One of the most important 
features of a UA was the development of the technical bases for parameters that were to be made 
uncertain and sampled upon in the calculations.  Developing the parameter list was a multi-step 
iterative process.  An initial parameter list was prepared and reviewed jointly by Sandia and NRC 
technical staff very early in the project.  The parameter distributions were developed and reviewed 
internally at Sandia and together with NRC.  To facilitate development of parameter justification and 
rationale, a storyboard process was implemented where the responsible owner described the technical 
justification for uncertainty, type of distribution, and rationale for the distribution.  The intent was to 
capture, in a concise format, specific information regarding each parameter from which the detailed 
technical bases could ultimately be developed. The final storyboard sets are included at the end of this 
attachment. These storyboards are provided for insight into the parameter development process.   
 
The set of meeting summaries contained in this document are mostly related to developing the 
technical basis for the uncertain parameters.  Additional meeting summaries, such as the project kickoff 
meeting and lessons learned are also included.  During the course of the project, as early calculations 
were completed and preliminary results were reviewed, adjustments were often made to parameters to 
address issues. These adjustments were made in the draft report, which was more efficient than 
maintaining current storyboards and editing both documents. Therefore, these meeting summaries are 
intended to provide insight into the process applied in development of the parameters, and may not 
include the final distributions or values used in the calculation.  Final values are identified in the Surry 
UA NUREG/CR document. 
 
The last parameter storyboard review meeting was conducted November 12, 2014.  After that meeting, 
the project moved into the calculation, analysis, and reporting stage of the project.  A draft report was 
submitted to NRC on June 19, 2014.  During that timeframe, when preliminary results were reviewed, 
adjustments were often made to parameters to address issues with the results.  Therefore, as with the 
storyboards, these meeting summaries are intended to provide insight into the process applied in 
development of the parameters, and may not include the final values used in the calculation.  The final 
values are identified in the Surry UA NUREG/CR document. 
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Surry UA Scoping 
Conference call January 22, 2013 

 
Summary: 
NRC and Sandia agreed that the Short Term Station Blackout (STSBO) is the preferred sequence to 
begin the analysis which will be executed with MELCOR 2.1. 
 
The following variables were identified as potential candidates for analysis.  These will be reviewed in 
more detail by Sandia and some of these will be tested in MELCOR runs to better understand the level 
of effort that may be required in full implementation.  This list may be expanded in the coming weeks as 
additional variables are identified.  A final list will ultimately be developed that includes consideration of 
the project budget and schedule once this information is received. 
 
Sequence: STSBO 
 
Candidate variables: 

1. Thermally induced steam generator tube rupture (TI SGTR).  This may require consideration of 
degraded tubes. 

 Turbulent deposition model for SGTR with blow down through SRV 
 Maybe a “hot tube” consideration would be good also. 

 
2. Uncertainty in natural circulation parameters (Refer to Calvert Cliffs work by David Louie) 

 Natural Circ and hot gas plumes into S/G tubes. 
 

3. Steam Driven Aux Feed. (Overfill steam generator then shut down) This is an existing modeling 
feature (it wouldn’t be a sampled variable). 
 

4. Containment fragility curve. 
 Corrosion effects 
 NUREG/CR-6920 

 
5. Hydrogen combustion (e.g., when to spark, concentrations). Steam inerted atmosphere may 

need addressed. 
 Might also want to consider environment (containment condensation effects). Vary 

external/internal containment temperature to see if a 32oF is similar to a 95oF external 
temperature. 

 
6. Incorporate pressurizer SRV stuck open. 

 PZR SRV fails due to water swell (Ed Fullers’ EPRI report) – model would need to be 
added. 

 The Surry relief valve failure logic needs updating to be like Peach Bottom. 
 

7. Steam generator secondary relief valve stuck open 
 

8. Depressurized secondary cases.  
 MS safety valve sticks open 
 MSIV leakage (Jeff Lachance work) 

 
9. Fuel failure criterion. 
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10. Core debris behavior. 
 COR-CON quench when ex-vessel 

 
11. Instrument tube failure. 

 
12. Reactor coolant pump sealant behavior. (seal LOCAs) 

 NUREG/CR-6195 
 WCAP-16114 has a PRA estimate for different seal leaks 

 
13. Treatment of effective liquification point of fuel materials (e.g., eutectic behavior). Could define 

as an interacting material. 
 

14. Core quench model. 
 

15. Equipment hatch failure verse aux building (this may be an aging issue). 
 

16. Natural circulation modeling probably needs to include:  
 “Peak Plume” calculation with guidance from Boyd (e.g., MELCOR Sequoyah approach)  
 Gas to structure radiation  
 Enhanced natural convection at HL (see Boyd)  
 CCFL in surge line Tube degradation multipliers  
 M and f SG hot leg and mixing plenum ratios 

 
17. Hot leg nozzle carbon steel safe end modeling 

 
18. Secondary side decontamination factor (ARTIST) 

 
19. Decay heat curve 

 
20. Battery life 

 
21. Chemical form of Cs 
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Peach Bottom Lessons Learned Meeting 
October 28, 2013 

 
Attendees: 
Kyle Ross, Nate Bixler, Jeff Cardoni, Scott Weber, Doug Osborn, Cedric Sallaberry, Joe Jones 
 
Objective:  Identify lessons learned from Peach Bottom related to the process and execution of the UA. 
 
A team meeting was held to discuss the lessons learned from the PB UA.  The team was asked for 
specific input on items that worked well for PB or could be improved for the Surry UA project.  Team 
members were asked to provide input on the following: 

 Parameter development 
 Model Enhancements   
 Convergence 
 Execution 
 Interpretation 
 Documentation 

 
Parameter Development 

 PB could have benefited from better documentation of the parameters. For Surry, we are 
implementing a storyboard approach to justify and defend the parameters early. This will be 
enhanced within the report. 

 The approach implemented to down select MACCS parameters from ~300 to ~150 and then 
group them for the PB analysis worked well. We will do this for Surry. 

 For PB, we ran MELCOR, performed regression analysis, investigated the outliers, and included 
some of these parameters in the uncertainty analysis.  This approach informed the parameter 
selection process and will also be implemented for Surry. 

 The SRV fail open sequence dominates the results.  This could potentially obscure the impact of 
other parameters making them appear not important.  For Surry, we will run a sensitivity 
analysis of PB to see if fixing the SRV failure reveals other important parameters. 

 For PB, the SMEs implemented a structured approach for selection of MELCOR and MACCS 
parameters.  MELCOR analysts considered potential parameters from Sequence Issues, In-
Vessel Accident Progression, Ex-Vessel Accident Progression, Containment Behavior, 
Chemical Forms of Iodine and Cesium, and Aerosol Deposition. This structured review 
benefitted the PB analysis insuring parameters within each key area were considered.  This 
approach will be implemented for the Surry UA. 

 The results of the sensitivity analysis could have been useful in informing the selection of 
parameters for investigation.  For Surry, we will do the sensitivity analyses first.   

 Need to recognize that parameters with a small range will show little effect.  This is an analysis 
on the range of uncertainty; thus, if the range is small, the effect is small. 

 
Model Enhancements 

 Fewer model enhancements were needed for PB.   
 Created the simple random sampling (SRS) application (a type of Monte Carlo) for MACCS, 

which worked well.  We expect to use this approach for Surry, but will consider LHS as well. 
 Implemented MELCOR 1.86 for PB which worked well.  Conversion to MELCOR 2.1 for Surry 

has its challenges and loses some functionality. This requires extra effort for Surry. 
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Convergence 
 PB starts and stops created challenges in reproducing the SOARCA results. We won’t have this 

issue with Surry because it runs through to the end. 
 PB had an initial run rate of about 50%, similar to Surry.  Code fixes resulted in a final run rate 

of about 95%.  
 The Peach Bottom model did not have intelligent time-stepping; it had a hardwired time-step 

scheme and this caused some issues. The lesson learned is to implement intelligent time-
stepping in future UA’s by adding control functions to the MELCOR input model (no source code 
changes anticipated for this). This should be included in Surry to fix the slow downs of the runs 
due to hardwiring. 

 ACRS concerns about convergence of MACCS results, specifically in terms of the 350 
epistemic parameters, created additional scope on the MACCS end.  Applicable portions of this 
will be included in Surry to address the ACRS concerns. 

 
Execution 

 MACCS output volume was very high causing post processing to take a long time. Furthermore, 
the amount of data to be post processed overwhelmed the capabilities of WinMACCS. This 
problem was addressed on an ad hoc basis for Peach Bottom. It will need to be readdressed for 
Surry. 

 CHASM was a problem for PB when it was initiated, but problems were fixed.  Surry will not 
have similar problems. 

 
Interpretation 

 PB showed the importance of conjoint influence.   
 The approach to selecting the important MELCOR and MACCS parameters, based on 

regression analyses, appeared subjective.  For Surry, we will document a weighting 
methodology which is reproducible and will make this easier to defend. 

 We need to implement better QA on the MACCS runs. A parameter was missed (PROTIN) in 
the PB runs and requiring a rerun. This is now fixed and should not be an issue for Surry. 
Deposition velocity distributions were not implemented as intended.  

 
Report 

 It would be helpful to explain the role of the source term better. This was also ACRS comment. 
 Better graphics would be helpful. Sigma Plot and Tech Plot were suggested. 
 Tracking plots that were sent offsite for integration into the report was an issue.  Sometimes 

plots were inserted in the wrong places. For Surry, we are doing this in-house which provides 
analysts direct interaction with the document prep support. 

 The captions for figures were often very long.  We agreed to limit the caption size in Surry and 
include the information inside the graphic plot. 

 ACRS commented that the report read like it was written for UA experts. They believed it 
contained important information, but it was difficult to find this.  

 The Executive Summary was too long and included too much unnecessary information.  This 
will be reduced for Surry to focus on the results and the relationship to the objective. Surry will 
not describe the entire UA process in the executive summary.  

 The Sandia internal review found that overall the document needs a better flow. 
 The Sandia internal review found it difficult to determine whether the objectives of the report 

were met. 
 The regression tables for MACCS and MELCOR should use the same format.   
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Minutes 
Surry UA Parameter Review Meeting   

11/14/13 
 

On November 14, 2013 a parameter review meeting was conducted with NRC and Sandia staff listed 
below.  The agenda, vugraphs, and model enhancements table which were discussed at the meeting 
are attached to these minutes. 
 

NRC Sandia 
Tina Ghosh Joe Jones 
Ed Fuller Kyle Ross 
Hossein Esmaili Jesse Phillips 
Richard Lee Jeff Cardoni 
Robert Beaton Doug Osborn 
Matt Humberstone Scott Weber 
Sud Basu Cedric Sallaberry 
Don Helton Aubrey Eckert 

 
The meeting began with an overview of the project and a description of the meeting objective which 
was to conduct a technical team review of selected parameter storyboards to receive agreement, input, 
and feedback.  Subsequent parameter review meetings are expected to be conducted via conference 
calls.   
 
Sandia discussed the internal Peach Bottom Uncertainty Analysis (PB UA) lessons learned meeting 
that was conducted on October 28, 2013 where the Sandia team identified items that worked well and 
areas where improvements would benefit the Surry UA.  It was agreed to have a second PB lessons 
learned meeting jointly with NRC to focus on Q/A in order to avoid potential rework.   
 
Sandia updated the team on the code stability improvements.  After converting the Surry deck to 
MELCOR 2.1, the model was exercised with selected varied parameters, following the approach used 
in the PB UA.  Initially, there was a low success rate of around 50%, which was similar to the initial 
success rate of PB.  Sandia has been resolving the bugs as they are identified and has improved the 
performance to above 70%.  The PB final success rate was about 95%. 
 
Sandia discussed each of the model enhancements required to facilitate sampling of the uncertain 
parameters.  At this point NRC reminded the team that differences in the baseline model and UA model 
for PB was a concern to the ACRS.  The team agreed that model enhancements are necessary to 
advance knowledge and similar to PB, these need to be documented in an appendix. Furthermore, an 
objective of the PB UA was to evaluate the robustness of the base case SOARCA analysis.  It was 
discussed that this will not be an objective of the Surry UA, but the robustness of the original calculation 
will still be evaluated to the extend practical.  For model enhancement number 5, NRC suggested 
NUREG 1570 as a reference. 
 
Model Enhancements 

 Maintained boundary conditions 
 Fixed error in control rod release model 
 Fixed error that exaggerates conduction in molten debris bed 
 Added a sensitivity coefficient (SC) for melt/crust conduction interface 

o Mike Young’s current work at Sandia will support this 
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 Hot tube modeling in a SG 
o Better predict a SGTR 
o Right now MELCOR will never calculate peak conditions 
o Because of this, MELCOR never calculates a SGTR, always has to be forced 

 Kyle still needs to talk to Mike Salay regarding natural circulation 
 Ed’s request is to add variability of where hydrogen burns occur 

o In MELCOR we should call what we have “ignition logic” not an “igniter” 

The parameter review began with a brief discussion of the storyboard process which is simply the 
method by which Sandia is capturing key information on each parameter in a concise format to facilitate 
early reviews.  Next, the list of Surry inputs selected for review was discussed.  The process for 
selecting the list of inputs began with a team meeting of NRC and SNL SME's most of whom were 
familiar with the Surry SOARCA calculations.  A preliminary list of parameters was developed, based 
partially on the PB UA, and investigation of the distributions was initiated. As parameters were 
investigated, some have been removed from consideration and others have been added.  For example, 
prior to this meeting the battery duration parameter was removed. Insights from varying battery duration 
would be of interest; however, because the STSBO is the sequence being analyzed, including batteries 
effectively changes the sequence. 
 
The team was reminded that at the last ACRS meeting, there was at least one parameter (RHONOM) 
for which Randy Gauntt would change “best estimate” from SOARCA.  The ACRS transcript should be 
reviewed for insights related to the other parameters. As we go through the Surry UA exercise, one 
question for the team to keep in mind is whether we would update what is considered the best-estimate 
value for any of the parameters studied. 
 
There are a few parameters in the input table that were not shown to be important in the PB UA, and for 
Surry these were identified as tentative.  Sandia conducted a sensitivity analysis of the PB UA where 
the SRV was not allowed to fail open because this dominates the sequence potentially obscuring the 
importance of other parameters.  Sandia explained the results of this sensitivity study shows these 
parameters increase in importance and therefore will be included in the Surry UA.  In addition, we 
agreed to include incorporating variable MSIV leakage in the analysis. 
 
The MSIV parameter had been deleted at the April joint team meeting, but after discussion, it was 
agreed to include this parameter in the analysis. Detailed discussions on selected parameters are 
captured below:  
 

 Liquid water failing Pressurizer SRV 
o Based on information reviewed to date, Sandia believes it is unlikely flowing liquid would 

cause the valve to fail 
o Ed believes it is likely and that data exists 

 Jeff read most of the suggested references and it showed no failures 
 Need to look at NUREG 1570 (2-20 – 2-24) (Sandia and Ed to follow up on this) 

 14% had stuck open valve at time of uncovery 
o First cycle almost always has water because of loop seal traps 
o Commented that maybe we shouldn’t give credit for this failure because it leads to a less 

severe accident 
o In a SBO scenario, there is always water swell 

 Chemical form of Cs 
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o How much are we looking at variation in Cs form based on Dana Powers and Mike 
Salay’s work 

o There is a steam reaction with cesium molybdate to form CsOH which can revaporize 
o Depends on where CsOH is formed and whether it is immediately re-chemisorbed 
o We still consider all Cs in cesium molybdate to be best practice 
o MELCOR can’t change class speciation once it is established in a model run 

 
 Discussion on renodalizing steam generator – NRC agrees this is an improved approach, but it 

will change base case result 
o There was a long discussion on MELCOR code versions presenting different results. 

Sandia will follow up with NRC once the cost for the improvement is understood. 

Storyboards for Fuel Failure Criterion (FFC), Containment Fragility Curve (CFC), Reactor Coolant 
Pump Seal Leakage (RCPSL), Hydrogen, and Steam were handed out. 
 
For the FFC distribution, Sandia explained the temperature influence and how the distribution was 
informed by PHEBUS, but not derived from PHEBUS.  NRC suggested to sample time at temperature 
instead of using discrete points. The team agreed it may be better to hold the temperatures and sample 
on the time, but we need to review this internally prior to making a final decision.  Sandia mentioned 
that this failure only starts when the cladding is almost completely oxidized. This was not captured in 
the story board.  Also the temperature looked at is ZrO2, not zirc metal or UO2. 
 
For the CFC, NRC questioned the use of the "New" containment profile.  Sandia explained this was 
used in the SOARCA base case and will follow up with KC Wagner on the basis.  NRC suggested 
Sandia review NUREG/CR-6109 which provides information on the Surry containment fragility.  
Additional detail for this parameter included: 
 

 Containment Fragility Curve 
o Original curve was based on 1/6th scale tests done for NUREG/CR-5121 
o 2.175 (P/Pd) is for a brand new containment 
o Psig is basis, 45 psig is design 
o Leakage will be adjusted in tab function 
o Corrosion is more of a factor at stress points, such as the equipment hatch 
o This CDF might show that SOARCA was not best-estimate since Surry is not a brand 

new containment. 
o Need to check with KC Wagner regarding why a new containment was assumed in the 

SOARCA calculation 
o Data points from the tests are good, the amount of shifting is a concern 
o NRC explained that NUREG/CR-6109, Chapter 5 has a quantification of containment 

fragility. Sandia will review this document. 

The team liked the fact this parameter is being investigated.  NRC suggested that selecting the aging 
values could be difficult to defend.  Some considerations for maintenance and replacement of seals 
should be factored in. Also, the 99.99% reliability appears to have no basis.  This value is higher than 
the design leakage.  Sandia will investigate and address this in the next review. 
 
For hydrogen, Sandia discussed the concentrations with respect to propagation direction.  The data 
referenced in the storyboard was dated 1986.  Sandia will follow up with NRC on more current 
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references.  A sensitivity analysis was done in SOARCA for hydrogen and Sandia will review the 
approach for that calculation. Additional detail included: 
 

 Hydrogen Lower Flammability Limit (LFL) 
o There is a dependence on temperature which is not in model yet 

 Sandia will determine if this is a code change or just implemented with control 
functions 

o Propagation in this case is not from one control volume to another, it is within a single 
volume and based on ignition direction 

o The default in MELCOR is 10% 
o 4% was observed in air at room temperature 

The next parameter discussed was maximum steam concentration.  There is a dependency on how 
much steam it takes to keep hydrogen from burning.  The MELCOR default is 55%.  Sandia will digitize 
the steam/hydrogen flammability curves and sample.  There are multiple curves on the storyboard and 
Sandia will determine the most appropriate to digitize. Additional detail included: 
 

 Steam Inerting 
o Current MELCOR default is at 55% 
o Thought is to digitize the curves in the storyboard, put into the model as discreet choices 

and sample between 
o We need to figure out what exactly is in the exponential curve fit rather than sampling 

among the discrete choices 
 If we agree with this we should just use curve fit 

o Need to review what was done for the SOARCA hydrogen sensitivity analysis. This 
might have just been hydrogen 

For the RCPSL, NRC explained that the approach is the same as that being used in the Vogtle Level 3 
PRA.  The approach is regarded as appropriate.  It is recognized there is no technical data available to 
modify the approach in a defensible manner.  The Surry UA approach differs from the Surry base case 
approach and Sandia will describe the differences. Additional detail included: 
 

 RCP Seal Leakage 
o The model approach is consistent with the Owner’s Group and with the approach being 

implemented in the Vogtle Level 3 PRA 
o 21 gpm per pump is considered a reasonable value  
o Will we ever sample a 480 gpm leak – not likely given the probability 
o The original basis for the 13 minute timing is not well documented, but there is no better 

information available 
 Representative value for PRA 
 Actual tests were anywhere from 0-40 minutes 
 SOARCA had increased leakage after a couple of hours 
 Is the mechanism of seal leakage independent and random (i.e. do we need to 

do all 3 pumps separately) 
 There were discussions on both ends about this.  Sandia will follow up. 
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o The approach for this parameter differs from the original SOARCA analysis and may be 
one additional reason why realizations will not match SOARCA best estimate 

o We need a better understanding of why SOARCA Best Estimate model was specified 
the way it was, e.g., RCP seal model based on SOARCA-specific CL temps? 

The last topic for discussion with the full team was the potential sensitivity analyses.  Sandia will follow 
up with NRC regarding MCCI behavior.  There is little water in the STSBO scenario, so this sensitivity 
may not be necessary.  Sandia would be turning on the deposition model to evaluate turbulent 
deposition inside broken SG tubes.  This analysis may provide insights on the number of tubes 
ruptured.  Sandia will follow up with Mike Salay at NRC to discuss current research.  It was agreed to 
delete the sensitivity study for falling debris core quench.  The Lipinski model is typically turned off and 
there is little value in simply turning it on.  Finally, a hydrogen sensitivity was suggested for 
consideration to investigate larger buildups and stronger deflagration.  MELCOR does not calculate 
detonation, so this sensitivity could potentially be beyond the range of the model.  Sandia will review 
the hydrogen sensitivity performed with the SOARCA base case and will consider deleting hydrogen 
from the list of sensitivity analyses. 
 
At this point the technical meeting was concluded. 
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Minutes 
Surry UA Parameter Review Meeting   

12/5/13 
 

On December 5, 2013 the second parameter review meeting was conducted with NRC and Sandia staff 
listed below.  This meeting focused on the SRV related parameters and hydrogen. 

NRC Sandia 
Tina Ghosh Joe Jones 
Ed Fuller Kyle Ross 
Robert Beaton Doug Osborn 
Don Helton Jeff Cardoni 
Matt Humberstone Cedric Sallaberry 
Allen Notafrancesco Randy Gauntt 
 Matt Denman 

 
The meeting began with a discussion of the core inventory.  The core used in the SOARCA analysis 
was a scaled Sequoyah core.  Sandia has recently developed the Surry core for DOE work and has this 
available.  It was agreed to use the Surry core.  There was some discussion regarding the additional 
hydrogen that was shown in test runs with the Surry core.   Sandia will investigate this further once the 
core is implemented.  All work related to replacing the core will be documented. 
 
The team continued with discussion on hydrogen.  The technical members generally agreed that this 
specific accident sequence will likely produce too much steam to allow a hydrogen deflagration to 
occur.  However, it was agreed that the hydrogen and corresponding maximum steam diluent 
parameters will be included in the model.  If the model does not show a deflagration, that information is 
useful to the user community. 
 
The following discussion was related to each of the SRV parameters. 
 
SRVFTC: 
In review of the parameter, Sandia identified that the curve was truncated at 1000 cycles.  This was 
done as a result of the ACRS review of the PB UA where they indicated there was no benefit in 
analyzing the long tails.  NRC suggested the tails be included in the analysis because there is no 
drawback to keeping it in, and it was agreed to keep these for all of the SRV parameters.  This issue 
may be revisited at a later date. 
 Do we think the ‘blue’ curve is better? 

o No, it may not fully capture what the UA is investigating 
 Get Don Helton’s one-page and discussion with Tom Weirman who was an author of NUREG/CR 

7037. 
o Don e-mailed this to Joe and Tina after the meeting on 12/5/13 

 
SRVFTO: 
There was considerable discussion on the methodology of pressurizer failure to close (FTC) vs. failure 
to open (FTO).  Matt Denman provided an analysis that has strong indications of performance.  
However, the underlying data used in the analysis needs to be reviewed to ensure the curves provided 
are appropriate for use. 

o Kyle will discuss with Matt to ensure Kyle fully understands what is being done 
There was discussion regarding how past PRA’s may have handled this?   

o Don Helton will look into this. 
o Don followed up by e-mail to Joe and Tina on 12/6/13. 
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 NUREG/CR-7037 supplied ‘partial evidence of FTO’ but none that could not be recovered.  Don 
questioned whether the data was based on failures and the specific testing criteria (e.g., maximum 
pressures reached when exhibiting failure to open). 

 NUREG/CR-6928 data; was it failure or test data? 
o Sandia will review because this is the failure curve that was used 

 
SRVFTC-SG: 
Ed used EPRI data in the past for similar work.  The EPRI report provides a reference to non-published 
data report. 

o Doug to send email to Ed to get the data 
 
For this SBO accident, MSIVs will close and SGs are not talking to each other.  What is the pressure 
transient generated in the SG and how does this affect the SRVs.  Robert had some leakage in his 
study on MSIVs which reduced pressure. 
 
 Sandia will look at NUREG-1570 for additional data 
 Consider coal plant data, if available 
 Why wasn’t FTO considered 

o MSIV leakage will also be sampled 
o Do MELCOR runs to look at 5-to-1 vs. 15-to-1 FTC vs. FTO comparison 

 
Sandia will write up this parameter to better describe the actions. 
 
SRVWTR: 
Sandia reviewed the EPRI reports provided by NRC and did not see failures due to passing water. Kyle 
mentioned the valves at Surry have a loop seal trap that is drained.  It was discussed that the PORV 
could cover the water swell if DC power is available. 
 

o No DC power considered.  Sandia will ensure this is stated in the document as a boundary 
condition that affects this sequence 

 
Figure 2 of the storyboard shows no valve failure for the first 10 cycles.  This is an arbitrary value that 
needs to be reviewed and concurred upon by the team. 
 
 SRV failure from water momentum or something else? 

o Look at Howard Rathburn report which was related to PB, but not related to water. 
 
Don Helton will ask around for an NRC valve expert.  This item is important because if the valve fails 
early, lots of other things are moot because early failure is good for the accident.  Typically analysts do 
not take credit for good failures.  We may want to add text that SRV failure is not likely given the 
seismic event of 0.5 to 1g after discussions with the valve expert. 

 
Sandia will revisit the 50% water by volume failure criteria.  This is from MELCOR and a different basis 
may be needed. 
 
SRVFAILT: 
 Could creep rupture of the pressurizer occur before valve failure? 

o Kyle will look into this 
o Surge line creep is already included 
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 ‘Environment’ in the reference reports referred to the valve spring exposed to the containment 
‘environment’ and not the pressurizer ‘environment?’ 
o Doug and Kyle will look at this and make a decision. This may result in the distribution changing 

to omit the 60 minute heat up time. 
 
SRVOAFRAC: 
It was suggested to have the valve expert look at this specific to Crosby valves 

o Tina to follow up with Don Helton 
 Geometry 
 What is the likely mechanism 
 Lower bound? 
 How does it or can it reseat? 

Without additional information, we could run this as uniform and revisit it if it shows as important. 
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Systematic Review of MELCOR Parameters 
Meeting Summary 
December 19, 2013 

 
Attendees: Randy Gauntt, Kyle Ross, Joe Jones 
 
As part of the parameter identification process, a meeting was held with MELCOR experts who 
systematically reviewed the MELCOR Reference Manual to determine candidate parameters for 
investigation.  The Reference Manual was used for a top down approach and focused the team review 
toward a phenomenological based review rather than a mechanistic based review of simply looking at 
each of the parameters in the MELCOR User’s Guide.  The following manual chapters were reviewed 
and the parameters investigated from each chapter are identified. 
 
Burn (BUR) Package Reference Manual  
 

 Include user-defined H2 LFL dependence on temperature (MELCOR does not currently have 
such a dependence) 

 Sample H2 LFL based on variability in direction of flame propagation (from the ignition source) 
 Include user-defined dependence of the maximum steam concentration supportive of an H2 

burn on H2 concentration and direction of flame propagation (MELCOR does not currently have 
such a dependence) 

 Sample the maximum steam concentration supportive of an H2 burn based on the variability in 
direction of flame propagation 

 
Cavity (CAV) Package Reference Manual  

  Address the uncertainty in the amounts of gasses generated by core-concrete interaction by 
sampling the proportions of common sand and aggregate in the concrete. 

  There may be an error in the type of concrete specified in the Surry SOARCA model. The 
specified concrete is a limestone type while the Surry IPE says that Surry concrete is basaltic. 
[check with Dana Powers about] 

 
Condenser (CND) Package Reference Manual 

  Not applicable. The Surry units do not have isolation condensers or a passive containment 
cooling system.   

 
Core (COR) Package Reference Manual 

 Mimic all sampling done in Peach Bottom UA 
 Check with Don Kalinich about additional sampling based on his Fukushima Unit 1 DOE UA 

work. 
 Consider varying core blockage user input 

 
Control Volume Hydrodynamics (CVH) Package Reference Manual 
 
Flow Path (FL) Package Reference Manual 

 
Control Volume Thermodynamics (CVT) Package Reference Manual 

 There were no parameters identified as potentially significant for further investigation. 
 Not applicable. There no longer exists a CVT package. 
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Decay Heat (DCH) Package Reference Manual  
 Address variation in decay heat dependent on where the core is in its lifecycle when the 

accident occurs. 
 
Fan Cooler (FCL) Package Reference Manual  

 There were no parameters identified as potentially significant for further investigation. This 
is an SBO sequence, and without AC power the fan coolers would not be operating. 

 
Fuel Dispersal (FDI) Package Reference Manual  

 This parameter is only important if the analysis shows a high pressure ejection.  After the initial 
set of 300 MELCOR runs, the results will be reviewed, and if a high pressure ejection is shown 
to occur, the FDI package will be revisited. 

 
Heat Structures (HS) Package Manual 

 Condensation was identified as a potential parameter, specifically, the effect of the presence of 
noncondensable gas on condensation rate considering that the sizes of the control volumes 
representing different regions of containment are large relative to the localized extent of 
condensation influences. I.e., because of condensation at a wall, noncondensable gas 
concentration at the wall may be significantly greater than away from the wall and condensation 
rate consequently lower than suggested by the noncondensable gas concentration away from 
the wall. [ACTION: Kyle to discuss with Karen Vierow] 

 This could maybe be addressed through sampling SC 4200(1). Condensation mass flux is not 
limited by the presence of noncondensable gases if the ratio of steam partial pressure to total 
pressure exceeds this parameter. The default value of SC 4200(1) is 0.9995. A value of 0.995 
could be interpreted as believing noncondensable gas concentration is 10 times higher at the 
wall than away from the wall. A sensitivity calculation could be run to investigate the effect of 
0.995. Based on the results of the sensitivity calculation maybe the SC could be sampled 
between 0.995 and 0.9995. 
 

Material Properties (MP) Package Manual 
 Eutectic temperatures for ZRO2 and UO2 

 
Noncondensable Gas (NCG) and Water (H20) Package Reference Manual 

 No uncertainty modeling suggested here.  
 
Passive Autocatalytic Hydrogen Recombiner (PAR) Package Manual  

 Not applicable. There are no PARs in the Surry model. 
 
Radionuclide (RN) Package Reference Manual 

 Model uncertainty in particle shape factor [talk to Fred Gelbard (Sandia) about] 
 
Containment Sprays (SPR) Package Reference Manual 

 Not applicable. Containment sprays are not available in the blackout scenario. 
 
Parameters identified as candidates for further investigation include: 
 

1. SRV reseat pressures 
2. SG tube rupture influences/variability 

a. Tube wall thinning 
b. Damage fraction 
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c. Stress multiplier 
d. Number of ruptured tubes 

3. Hot leg nozzle heat loss 
a. Type of insulation (RMI?) 
b. Radiative heat transfer probably important if insulation is RMI 
c. Fibrous insulation or its covering might catch fire 

4. RPV drain line off lower head? 
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Surry UA Parameter Review Meeting  
 2/18/14 

On February 18, 2014 the third parameter review meeting was conducted with NRC and Sandia staff 
listed below.   

NRC Sandia 
Tina Ghosh Joe Jones 
Ed Fuller Kyle Ross 
Robert Beaton Doug Osborn 
Hossein Esmaili Jeff Cardoni 
Matt Humberstone Fotini Walton 
 Scott Weber 
 Matt Denman 

 
The meeting began with an update of the MELCOR code stability.  In the last month, Sandia has 
dedicated staff to resolving bugs that have caused run stability issues.  The module responsible for 
these issues has been identified, and when shut off, the runs continue to completion.  Sandia staff are 
now focusing on this module to improve the stability.  Another set of test runs will commence this 
weekend and Sandia will inform NRC of the status next week. 
 
The team continued with discussion on the following parameters:  
 

1. Zircaloy melt breakout temperature 
2. Molten flow rate 
3. Radial molten debris relocation time constant (RDMTC) 
4. Solid radial debris relocation time constant (RDSTC) 
5. Containment Fragility Curve (CFC) 
6. Decay Power Inventory 
7. Secondary side decontamination factor (ARTIST) 

 
General:  NRC asked how some of these parameters were identified and whether previous studies 
influenced the selection.  Most of these parameters have historically been considered important, though 
some did not show as important in the Peach Bottom analysis.  The team still believes these 
parameters could be important, and has kept them in the analysis.  It was emphasized that this set of 
parameters is not a list of the most important and there are many alternative parameters that could 
represent the phenomenology similarly.  
 

Zircaloy melt breakout temperature 
The storyboard was presented to the team.  This parameter may be correlated with the FFC 
parameter when the distributions are finalized.  The only question was how Sandia may 
correlate this with the FFC.  Sandia has not fully considered the options on how to implement 
the correlation. 
 
Molten flow rate 
This parameter represents the maximum molten pool drainage rate.  The storyboard was 
presented to the team and Sandia explained the upper bound of 1 kg/m-s in MELCOR is the 
default value.  A best estimate of 0.2 was used in SOARCA and it was believed this was 
selected because the accident was moving too fast with the higher value.  There is no 
experimental data for these values and NRC questioned the basis for the ranges.  Sandia will 
investigate these further.  NRC asked whether Sandia will vary parameters for refreezing.  
These are not currently on the list.  NRC asked for the basis of establishing the upper bound.  



 

22 
 

Sandia doubled the MELCOR value, but will investigate if there is a better basis for the upper 
and lower bounds. 
 
Radial molten debris relocation time constant (RDMTC) and Solid radial debris relocation 
time constant (RDSTC) 
These parameters were discussed together.  The storyboard indicates the parameters will be 
correlated, but that was corrected.  These parameters have distribution bounds that guarantee 
that RDSTC is always greater than RDMTC. If there was overlap, technically they would be 
managed by rejection sampling, not a correlation.  Sandia pointed out that these parameters are 
identified as ‘order of magnitude’ parameters in the MELCOR User’s Guide.  This influenced the 
distribution.  NRC mentioned that the Siemens report was actually a conference presentation, 
not a report. Sandia will follow up with Randy. Also, NRC commented that the SOARCA defaults 
were a factor of six different, while the lower and upper bounds are now a factor of ten. This was 
simply a note and there is no action required.  
 
Containment Fragility Curve (CFC) 
Sandia explained the storyboard and the departure from the SOARCA Surry base case.  Sandia 
also explained the data used in the distribution, some of which was experimental and some of 
which was calculated because the experiment scaling wasn’t appropriate.  No comments were 
received on the distribution. 
 
Decay Power Inventory 
The storyboard was presented to the team and Sandia discussed the method of using 3 base 
decay heat curves and creating 100 runs of each following the ANS-5.1 method.  NRC noted 
there is an aleatory uncertainty to this because it is dependent on the time with some epistemic 
uncertainty that comes from the short lived isotopes.  Sandia was asked to include the algorithm 
for the method and this will be in the report. 
 
Secondary side decontamination factor (ARTIST) 
The storyboard was presented to the team and the process described.  Dr. Dana Powers 
provided information from the ARTIST experiment to the team and this was used in developing 
the distribution.  Sandia noted that this is only for a dry steam generator.  If it is wet, this model 
is not applied and the SPARC model is applied.  Sandia will include a detailed section on this in 
the report. NRC noted that with this modeling, it would not be possible to observe revaporization 
inside the steam generator.  

 
NRC mentioned during the meeting that when writing up the final report, it is important to emphasize 
that just because a parameter was selected for this work, that does not necessarily mean it was more 
uncertain or more important.  
 
Following the discussion of individual parameters, NRC suggested the complete parameter list be 
reviewed by the MELCOR code team.  The advice was specifically that the team do bug-shooting for 
each selected parameter to ensure it is being modeled as expected. The list was transmitted to the 
team immediately after the meeting. NRC asked about instrument tube failure and whether this would 
be included in the analysis.  MELCOR does not have the capability to model tube failures.  This could 
be forced as an open pathway, but the plugging of debris could not be simulated with accuracy.  
Consensus was this not be included in the final analysis because MELCOR does not treat it.  However, 
this can be investigated through a sensitivity analysis.   
 
Sandia informed the team that investigation into molten concrete core interaction (MCCI) revealed that 
the concrete at Surry is basaltic.  The Surry base model in SOARCA used limestone which was an 
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existing input in the original MELCOR model when SOARCA started and was also the concrete type in 
the licensee’s input for MAAP.  However, the IPE identified a basaltic concrete and after some 
investigation, Sandia confirmed this through review of the Surry construction concrete test data found at 
the Virginia Tech library. 
 
Sandia asked NRC for a resource on MSIVs for PWRs and it was suggested we contact Robert 
Beaton.  This concluded the meeting. 
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Surry UA Parameter Review Meeting   
3/10/14 

 
On March 10, 2014 the final parameter review meeting was conducted with NRC and Sandia staff listed 
below.   

NRC Sandia 
Tina Ghosh Joe Jones 
Ed Fuller Kyle Ross 
Don Helton Doug Osborn 
Matt Humberstone Scott Weber 
 Matt Denman 

 
The meeting began with an update of the Surry UA parameter list.  Sandia explained why the hot leg 
nozzle and natural circulation were removed from the parameter list.  Sandia explained the unique 
issues related to treating these as uncertain and the preference to address these through sensitivity 
analyses. 
 
The team continued with discussion on the following parameters:  
 

1. Steam Generator Tube Rupture 
2. Main Steam line Isolation Valve (MSIV)  
3. Material properties: Eutectic temperatures for ZRO2 and UO2 
4. Containment Leakage Rate 
5. Radionuclide Particle Shape Factor 
6. Condensation 
7. CHEMFORM 

 
Steam Generator Tube Rupture 
Sandia presented the SGTR storyboard and explained the rationale for the bounds and 
distribution.  Sandia discussed the lower limit and the team suggested it may be possible to get 
an actual number of tubes plugged at Surry.  That data would support the “0th level indicator” of 
damage.  Tina will check with NRR on obtaining the data on number of plugged tubes.  Sandia 
will review the data to understand if it supports a most-likely damage type. 
 
Ed Fuller suggested the approach follow that identified by Majumder in NUREG/CR 6995 dated 
2010.  Sandia has reviewed this and will review it again.  The Sandia approach to vary wall 
thickness offers some advantages because Inconel 600 has less stress corrosion cracking 
making material wear the greater concern.  Sandia has discussed this with Mike Salay of NRC.  
Don Helton suggested the approach consider a new NUREG/CR that is being developed.  NRC 
noted that Surry had a very early steam generator replacement and that Eddy current 
examinations are performed for every tube during outages.  It is difficult for this method to detect 
stress corrosion cracking of less than 40% of through wall thickness. 
 
Main Steam line Isolation Valve (MSIV)  
Sandia presented 2 approaches for the MSIV parameters.  The first approach is based on 
engineering judgment and the second would be based on tech spec data, if this is available.  
Don Helton suggested reviewing the FSAR information on Appendix J testing related to MSIV 
testing. (Note: Don investigated this and found that information was scarce for PWRs where 
MSIVs are not part of the containment boundary). 
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There were multiple questions related to the lower bound set at design leakage rather than at 0.  
Tina mentioned the uniform distribution is not the most appropriate for this parameter because 
more weight is needed at the lower end.  Ed suggested we use similar logic as applied in the 
Peach Bottom UA and also asked whether this should be replaced by secondary SRV stuck 
open.  Sandia explained that SRVs are already represented in the analysis and MSIVs is an 
additional parameter. 
 
Sandia will revise the distribution and incorporate new data, if available.  
Sandia will conduct sensitivity runs to see what leakage is needed to cause quick 
depressurization.  Ideally this would be design leakage, allowing the range to be 0 to design.   
 

Scott reviewed NUREG/CR 6995 and found that in that work stress multipliers seems to 
be arbitrarily applied in 0.5 increments and not based on Majumder. Sandia followed up 
with Mike Salay after the meeting. He provided some additional information on the 
cracking method but agreed that varying thickness is an acceptable approach to use as 
a surrogate for all tube damage conditions. The thickness approach will continue to be 
used. The shape of the distribution may be revised slightly if actual data from Surry can 
be obtained by Tina. 

 
Material properties: Eutectic temperatures for ZRO2 and UO2 
Next Sandia presented the eutectic temperature storyboard.  Sandia explained why the 
SOARCA value does not fall within the range of the parameter but is the upper limit.  The team 
needs to be prepared for questions regarding why the SOARCA value is the upper limit. The 
team discussed whether this parameter is necessary, since we also have time at temperature.  
These parameters have different physical effects based on collapsing and melting.  Sandia will 
correlate the parameters.  Sandia will review this parameter with Randy Gauntt who provided 
initial guidance on this effort.   
 
Containment Leakage Rate 
Sandia presented the containment design leakage.  NRC suggested Sandia clarify what is 
meant with regard to plant operation for a limited time with up to 1% per day containment leak 
rate.  Sandia will clarify if this condition applies for Modes 1 thru 4 or just Mode 1.   

Note: Don Helton checked the Surry Tech Spec and noted there is seemingly no mention of 
higher limits for limited time operation (replied in an email 3/12/2014). 

 
Radionuclide Particle Shape Factor  
Sandia discussed the particle shape factor and how this is in the hygroscopic model.  NRC 
asked how the particle is addressed in the hygroscopic model and Kyle explained in detail.  Kyle 
will send information on the hygroscopic model to Ed and Tina.  Tina asked that we review the 
SOARCA peer review comments provided on this topic. 
i. Sandia to review SOARCA Peer Review comments.  

 
Condensation  
There were no comments received on the condensation storyboard. 
 
CHEMFORM 
The last parameter discussed was CHEMFORM.  Sandia explained the differences in approach 
from Peach Bottom where the ACRS questioned Sandia’s binning strategy.  For Surry, 3 bins 
are proposed.  Sandia explained that 2% is always in the gap and Kyle will double check 
whether 2% or 5% of cesium was in gap for recent analyses.  NRC noted that combination 2 
should be 51% and 49% and Sandia will make this change.  NRC suggested Sandia revisit the 
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ACRS discussion related to the way the bins were identified  from data that are point estimates.  
Sandia noted that CsOH has the wrong vapor pressure and will correct this. 
 
 Doug to update the table (completed 3/17/2014) 
 Doug to talk with Nate about radiological effect difference between 0.2% and 0.4% gaseous 

iodine  
 Doug and Kyle determined 5% of cesium is in the gap, 4.65% as CsOH and 0.35% as CsI 
 Kyle will correct vapor pressure curves for CsOH and Cs2MoO4 
 

Sandia closed the meeting explaining that the sensitivity analyses are next on the schedule of activities.  
If other parameters are identified from the sensitivity analyses or as the project progresses, these will 
be discussed with the NRC project lead to determine the extent of review for those parameters. 
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Surry UA MACCS Kickoff Meeting 
Summary 

April 24, 2014 
 
 

Approach 
The general approach to the Surry UA project is to be consistent with the Peach Bottom UA. These 
are sister projects and we are following the same format and structure of PB.  Initially, we began 
with the same MACCS parameters used in PB. 
 
The team reviewed the initial parameter list and determined that although some parameters were 
found to be less important than others in the PB UA, there was no strong justification to omit any of 
these from the Surry UA.  The PB UA started more than 4 years ago.  Our severe accident 
understanding continues to advance and evolve and if we have a different approach for analysis, 
this will be considered and discussed with NRC.  
 
The storyboard format will be used for the MACCS parameters.  We will attempt to complete the 
storyboards by late May.  
 
Deposition Velocity – Nate and Doug will get together and rethink the approach.  Feedback from the 
PB UA indicated these distributions were quite broad, and the team agreed they should be 
investigated. 
 
Habitability criterion – Nate suggested this be changed to reflect 2 rem in the first year for the 
criterion. The EPA criterion is 2 rem in the first year, not to exceed 500 mrem per year thereafter.  
Traditionally this was modeled as 4 rem in 5 years in MACCS; however, we believe applying 2 rem 
in the first year is a better representation of the EPA criterion. This will be discussed with NRC. 
 
Analyses 
Generally we will perform the same as the PB UA.  It was suggested the background dose be 
revisited.  The value used in the PB UA was 620 mrem per year which is intended to capture 
medical dose.  However, Nate explained that the medical dose contribution is not uniform among 
the public. Use of the national background (310 mrem per year) may be more appropriate. This will 
be discussed with NRC. 
 
The team discussed reporting options.  Generally, we will report the same as PB.  Some 
suggestions were made for additional reporting such as peak dose.  We will develop a list of 
suggestions and discuss these with NRC prior to running calculations.  
 
The team presented several ideas for sensitivity analyses: 

 Use of the power curve and the Tadmor and Gur lookup tables 
 Number of plume segments 
 Number of shadow evacuees 
 Distance at which evacuees disappear.  This is currently somewhat arbitrary and varies by 

project. 
 
We will continue to identify potential parameters and sensitivity analyses as we move forward.  
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Surry UA MELCOR Storyboard Review  
Meeting Summary 

May 1, 2014 
Attendees: 
Randy Gauntt, Kyle Ross, Scott Weber, KC Wagner, and Joe Jones 
 
Objective:  
Conduct a detailed technical review of the MELCOR storyboards. 
 
The team reviewed 9 storyboards and will continue reviewing these in subsequent distribution review 
meetings until all are complete. 
 
ARTIST 
Agree on approach.  Minor cleanup of storyboard.  Need to add left axis to the first figure.  Should add 
a brief caption below each figure to explain what they are intended to represent. 

 Scott – address figure items. 
 Kyle – contact Ed Fuller to follow up on Ed’s comments about relative timing of rupture. 

 
MSIV 
Agree on the approach.  Need to change terminology to that used for PWRs. 

 Scott – Correct modeling and rerun sensitivity calculations to determine the importance of this 
parameter 

 Scott – change terminology in storyboard. This includes the title. Verify that the secondary SRV 
is actually called an SRV.  

 Scott – find a graphic that shows the location of the MSIV (inboard or outboard) for use in the 
main document when we write this up. 

 
Steam Generator Tube Rupture Parameter 
Agree that bounds and distribution type are good.  Need to add some text on how this relates to stress 
multipliers because this is typically the approach used. 

 Scott – add text relating this to stress multipliers. .Add to figure as second x-axis. Rename to 
Steam Generator Tube Thickness.  

 
Hot Steam Generate Tube Temperature 
Agreement on approach.  KC explained the storyboard in detail.  Some discussion related to the 
graphic.  Questions related to how the hottest tube temperature compares to the hot tube temperature 
in the base model. 

 KC will update and discuss the temperature comparison 
 
CFC 
Much discussion on the content.  Team agreed the approach should be modified to hold the last 3 
points of the curve.  First, we need to reconcile the 15% and remove it from the approach.  Second, for 
figure 1, we need to hold the last 3 points fixed and only vary the liner plate yield.  There are too many 
physical constraints to justify moving the last 3 points.   
 
Remove the Surry-IPE curve from the second figure. Also note that Randy thinks our CDF should have 
a different shape and start at lower pressure – possibly use a normal distribution around the original 
liner plate yield (not including 15% conservatism). 
 



 

29 
 

The content of the storyboard needs to be rewritten to simply address what was done and remove the 
unnecessary inferences to discussions and review of documents. 
 

 Doug – redo this storyboard.  Discuss with Randy, then update.  Have Randy review it before it 
is resubmitted for the document. 

 
CHEMFORM 
Agreement on the proposed approach that will separate I and Cs.  Need to add discussion regarding 
why we have 0.3% I when NUREG 1465 uses 5% for the regulatory source term.  
 

 Kyle – meet with Doug to explain the modified approach. 
 Doug – Split storyboards.  Add text related to the amount of Iodine verse 5% which is the 

regulatory source term.  Discuss with Randy before submitting back for the document. 
 Scott – QA values identified as from Phebus. Ask Dana Powers about gaseous Iodine fraction 

from NUREG 1465 revision work. 
 
Decay Heat 
Agreement on approach, but not fully understood.  The statistic (1-10% from ANS-5.1)  that is being 
reported needs to be identified in the text.  Need to be sure the ANS document does not have an 
embedded bias. Need captions for each graphic that explain what they are representing.   
   

 Scott – meet with Jeff/Matt to understand the graphics.  Then edit the storyboard to clarify. 
 Scott – Check the ANS document to ensure there is no embedded bias. 

 
DLEAK 
Agreement on approach.  No comments. 
 
Eutectic  Formation 
Agreement on approach including truncation of the CDF.  Need to add text – ‘ We are attempting to 
represent general behavior of a complex non-equilibrium multi-component system by simplifying  down 
to eutectics.’ 

 Scott – add text to the storyboard. 
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Surry MELCOR Distribution Review Meeting 
June 12, 2014 

 
Attendees: Scott Weber, Kyle Ross, Matt Denman, Cedric Sallaberry, Aubrey Eckert-Gallup, Tina 
Ghosh, KC Wagner, and Joe Jones 
 
Started by discussing the mean, median, and mode calculations (for Peach Bottom). Determined there 
was an easy solution for FFC and debris lateral relocation. CHEMFORM is much more complicated but 
eventual recommendation is to use bin 5 for median and mode and bin 2 for mean.  
 
The following parameters were reviewed: 
SRVLAMFTC 
SRVLAMFTO 
SRVWTR 
SRVFAILT 
SRVOAFRAC 
SRVLAMFTC-S/G 
MSTV 
RDMTC 
RDSTC 
SC1131(2) 
 
Cedric had provided an early set of comments.  These were reviewed with each of the parameters.  
There was a general agreement on the approach for most of the parameters.  Some actions were 
assigned to address comments and improve the basis. 
 
Actions: 

 KC will look into the SRVWTR and may discuss with Robert Beaton. 
 Kyle will review the EPRI document referenced in the SRVFAILT to understand the approach 

regarding the 60 minute heat up duration. 
 Doug will need to justify the distribution for SRVFAILT, after Kyle’s review. 

o If median and 97th percentile values are accurate, consider fitting a beta distribution to 
these two points 

 Kyle or KC will integrate Mark’s SRVFAILT information. 
 Joe will work with Doug on the SRVOAFRAC.  The rationale needs rewritten. It indicates PB 

was used as a basis, but the Surry bounds and distribution are different.   
 Scott will edit the text for the MSTV stating that the 5x design leakage is an engineering 

judgment value informed by the old 1976 data and modeling but the old data was not thought to 
be sufficient as a more definitive basis. Also state that based on the sensitivity upper bound is 
not expected to matter but we are including this parameter to be sure. 

 Matt will add definitions of variables in Eq. 1 on SC1131(2) 
 Scott with revise RDMTC and RDSTC to explain “order of magnitude” better. State we don’t 

believe the default values have any “central tendency” but we do put some faith in the reference 
manual, specifically with regard to units 

 
 
 
 
 
For Parameter Chapter of Report 
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 SRV FTC – add more explanation to Figure 2 from Matt’s write-up and state that SOARCA used 
a point estimate from Surry but we needed a distribution which was only available using general 
industry data  

 Secondary SRV – explain that SOARCA point estimate is the same probability as the primary 
SRV and it is not on the CDF bounds because the NUREG that was used for the other SRV 
parameter has a distribution specifically for SVVs which is the terminology for secondary side 
valves 
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Surry MELCOR Distribution Review Meeting 
July 29, 2014 

 
Attendees: Scott Weber, Kyle Ross, Matt Denman, Cedric Sallaberry, Aubrey Eckert-Gallup, Tina 
Ghosh, KC Wagner, Jon Helton, and Joe Jones 
 
The meeting included review and discussion of the following parameters: 
ZRO2UO2; SC1141(2); Decay Heat; H2-LFL; MAX-STM; CHEMFORM Cs; CHEMFORM I 
 
ZRO2UO2 
Suggested to emphasize what the parameter really is and add clarity on what the effects of the 
parameter.  The parameter that is being sampled is temperature, which is not indicated in the name.  
The parameter affects localized fuel melting.  Something like “Localized fuel melting temperature 
caused by the eutectic reaction between ZrO2 and UO2 as a surrogate for all failure reactions and 
mechanisms”. 
 
There was some discussion regarding whether the experimental data was randomly distributed and if it 
can be represented by a normal distribution.  It was discussed that the fuel failure should be fairly 
independent and there needs to be some distribution. 
Cedric noted that the data points are a good fit to a normal CDF. 
 
The bounds represent a few standard deviations and there is a solid justification for each.   
Discussion on whether burn-up should be considered.  Figure 5 shows data is fairly level at high burn-
up, but our burn-ups are lower.  The team decided that no changes needed for storyboard but in report 
chapter it should be mentioned that it was considered but would be a large effort with uncertainties. 
 
Action Items: 

 Clarify what is actually being sampled.  
 Change the parameter name to include ‘Temperature’ 
 Explain what ‘localized’ means in the use of the parameter.   
 Add discussion related to burnup, but explain it was not correlated. 
 Correct the fonts in the graphic 

 
SC1141(2) 
Suggested to emphasize what the parameter really is and add clarity on what affects the parameter.  
The majority of discussion for this parameter was on the bounds of the distribution. 
It was agreed there is a limited knowledge base for establishing the bounds.  This parameter was 
therefore implemented as an exploratory study because the rationale for the bounds is not well 
defended. It was desirable to have about an order of magnitude range. 
 
It was beneficial to have some samples above 1.0 which was the previous MELCOR default in order to 
capture effects above the default.  The upper limit was set to 2.0, about 10% higher.  The log triangle 
was established to observe order of magnitude effects with the best estimate as a strong mode.   
  
KC was of the opinion that it is physical to imagine melt could flow faster, but not much slower – use 
this to justify lower bound, along with about an order of magnitude range 
 
Randy and KC both did hand calculations to check the CORA experiment after our first meeting, and 
both confirm the 0.2 value seems appropriate.  Although CORA was a crust not a flow blockage, it 
should still be applicable.  
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Action Items: 
Remove “Maximum” from the name 
Define all symbols in equation 
Emphasize molten pool and flow blockage and remove mentions to fuel 
Explain in the discussion that the bounds are weak with no additional state of knowledge available 
making this an exploratory parameter.  
 
Decay Heat 
Discussed the need to explain better what is actually sampled.  This is really two related parameters.  
These will be separated in report chapter.   
 
Action Items: 

 Explain what is being sampled. 
 Clarify how decay heat sampling is done. 
 Delete any reference that is not ‘cited’ in the text. 
 Kyle took an action to add text. 

H2-LFL 
For this parameter, we are sampling a pointer variable for ignition location.  This needs to be better 
explained in the text.  We are sampling on location with a fixed hydrogen content at the sampling point. 
This parameter is more aleatory with regard to the randomness in where ignition will occur. 
Question as to whether it is physical to assume the same ignition location will be present in each 
control volume (CV).  The team clarified that propagation from CV to CV is still present using MELCOR 
defaults. 
 
If a burn starts in one location it is likely it will propagate to other CVs with hydrogen and it won’t matter 
that the ignition location was the same. 
Hydrogen flammability limit is a function of location. 
 
Action Items: 

 Change parameter name to ignition location 
 Minimize/revise discussion on propagation 
 State that each CV uses the same ignition location but uses the implemented model 

independently  

MAX-STM 
The team agreed that this parameter should be deleted. 
 
CHEMFORM Cs 
Discussed the two options that Sandia has developed for this parameter.  Tina noted that Ed Fuller had 
previously recommended a 70/30 split of cesium molybdate vs cesium hydroxide.  Kyle and the team 
had met with Dana Powers on July 28 where he had suggested an 80/20 split. Sandia agrees that a 
split similar to this range is appropriate and will modify the storyboard to reflect this.  
 
The team discussed the rationale behind the extreme options.  Both are technically possible, but 
everyone agreed unlikely.  Decided to communicate again with Ed and Dana to try to draw up a 
continuous distribution.  A continuous distribution could be used if a good macro is developed and 
Sandia will pursue this.  Otherwise a discrete distribution will be fit to the continuous one. It is unlikely 
that the extremes will represent it well.  The distribution will probably not be symmetric. 
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It was discussed that this parameter is also dependent on time at cycle because the MELCOR files use 
the initial inventory values. 
 
Action Items: 
Cedric will communicate with Ed and Dana to develop distribution 
Revise storyboard to remove previous options and describe rationale behind new distribution 
 
CHEMFORM I 
Tina discussed that we may be emphasizing iodine too much since the effects on early consequences 
are minimal.  Scott clarified that there are three separate distributions of 3, one for each time at cycle.  
It may not really have any impact of health effects, but if iodine release remains a key metric, this 
parameter will be important.  Cedric had no problems with the numbers in the distribution, but was 
concerned about the weighing.  It was recommended that we fit a distribution to all the data and then 
use that for weighing. 
Cedric also mentioned that if Dana can remember which French organization gave him the data, he 
may have a contact. 
 
Action Items: 

 Scott and Cedric will work with the data to get a better weighing. 
 Scott needs to better explain why the fission gas to gap is applicable to iodine. 
 Scott to find out where Dana obtained the original data. 
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Surry UA MACCS Team Meeting – Summary 

October 1, 2014 
 
Objective 
The objective of the meeting was to discuss the progress to date and make final assignments for 
storyboards. 
 
Summary 
A draft storyboard has been completed for each storyboard.  The initial approach was to use the 
information from the PB UA and modify this as needed for Surry.  Jon Helton reviewed the MACCS 
parameter discussions in the PB UA and provided comments to the team to clarify items related to each 
parameter.  As each owner proceeds, they will work with Jon to ensure his comments are addressed. 
 
The following assignments were made to complete the storyboards:  

Jon Helton:  Wet deposition model (CWASH1)  
Nate Bixler:  Dry deposition velocities (VDEPOS)  
Scott Weber:  Shielding factors (CSFACT, GSFAC, PROTIN); Crosswind dispersion coefficients 

(CYSIGA); and Vertical dispersion coefficients (CZSIGA)  
Doug Osborn:  Early health effects (EFFACA, EFFACB, EFFTHR); Groundshine (GSHFAC) Dose and 

dose rate effectiveness factor (DDREFA); Mortality risk coefficient (CFRISK); and 
Inhalation dose coefficients (radionuclide specific)  

Joe Jones: Hotspot relocation (DOSHOT, TIMHOT); Normal relocation (DOSNRM, TIMNRM); 
Evacuation delay (DLTEVA); and Evacuation speed (ESPEED)  

 
Model 
Doug will begin compiling the Surry UA MACCS model. We will begin with the PB model because each 
of the 350 distributions have already been input into that model.  Next, we will integrate Surry specific 
changes.  Scott will support development of the model.  Scott and Doug will review the original 350 
distributions for quality assurance.  Nate will ultimately review the full model and all inputs. The Surry 
model should be ready to accept source terms by November 1.   
 
Schedule 
The team will meet on October 9 to conduct the first internal review of completed storyboards. This 
meeting should address most of the parameters.  A second meeting will be held the following week to 
address any remaining parameters. It was suggested that an integrated NRC/Sandia review meeting be 
conducted the morning of October 24 when Nate is in DC.  
The MACCS model will be ready November 1.  The MELCOR team will work to get source terms by 
that date.    
 
Actions 
All – Substantially complete storyboard assignments by October 11. 
Doug – begin setting up MACCS model.  Scott is available to support this activity. 
Joe - Confirm NRC review date with Tina.  Set up meeting for internal parameter review. Set up a Surry 
Team meeting with NRC to discuss status and path forward.  
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Surry UA MACCS Parameter Review Meeting 
October 9, 2014 

 
Attendees: Scott Weber, Cedric Sallaberry, Aubrey Eckert-Gallup, Jon Helton, Doug Osborn, Nate 
Bixler, and Joe Jones 
 
The following parameters were reviewed: 
CYSIGA 
CZSIGA 
DDREFA 
CFRISK 
Long Term Inhalation Dose Coefficients 
GSDE 
GSHFAC 
 
CYSIGA 
First sentence should explain exactly what the parameter is.  Log triangle was recommended by Nate 
and agreed by the team.  Scott will search for newer technical information related to the parameters 
and integrate information as applicable.  Change wording from SOARCA default to SOARCA best 
estimate. Revise wording “There is a clear best estimate..”.  The bounds are set 2.5 higher “and” lower.  
Remove text “which may still be in use..”. Remove “clearly” in last sentence in rationale.  (Change 
Rational to “Rationale” in heading of all storyboards). 
 
CZSIGA 
Same comments as CYSIGA. First sentence should explain exactly what the parameter is.  Log triangle 
was recommended by Nate and agreed by the team. Scott will search for newer technical information 
related to the parameters and integrate information as applicable.  Change wording from SOARCA 
default to SOARCA best estimate. Revise wording “There is a clear best estimate..”.  The bounds are 
set 2.5 higher “and” lower.  Remove text “which may still be in use..”. Remove “clearly” in last sentence 
in rationale.  (Change Rational to “Rationale” in heading of all storyboards). 
 
CFRISK 
In justification, the first sentence should define the parameter. Then explain why we are investigating 
this parameter. Explain SOARCA values come from BEIR V and curves are based on Eckerman 
reference. Clarify rationale – not a mean of two derived values, but derived from 2 studies. Explain how 
this was derived. 
 
Long Term Inhalation Dose Coefficients 
Explain why we are investigating this parameter.  Reference for the SOARCA values should be to 7110 
Volume 2, not 1935.  These values don’t appear in 1935.  Revise last paragraph of rationale to include 
the approach Cedric and Nate described.  Add triangle to legend of Figure 1.  
 
GSDE 
Delete this storyboard, it does not represent a parameter in MACCS that we are sampling.  Merge 
applicable information into the GSHFAC storyboard which includes the distribution we are sampling.  
When explaining GSDE, clarify it is a scale factor.  Clarify the middle paragraph of rationale regarding 
statements of highly correlated and uncorrelated if this information is merged.   
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GSHFAC 
Merge the discussion with GSDE as appropriate.  All references for the SOARCA values should be to 
7110 Volume 2, not 1935.  The team agreed the correlations should be 0/uncorrelated except for 
normal/sheltering which should be 0.8.  It was agreed to only include the combined graphs. Discuss 
with Nate as needed. It was agreed to only include the combined graph. Graphic should show GSHFAC 
x GSDE.  This equation should be shown in the rationale section also.  (Change Rational to “Rationale” 
in heading of all storyboards). 
   
DDREFA 
Explain why we are investigating this parameter.  Move the Eckerman discussion on range between 1.0 
and 3.0 to the rationale section.  Need to explain why distribution goes to 8 when Eckerman suggests 
3.  Revise the rationale section based on discussion and emails distributed after the meeting by Cedric.  
Reference for the SOARCA values should be to 7110 Volume 2, not 1935. Show the SOARCA value in 
Figure 1.  Remove Notes for Later Discussion.   
   
Additional Actions 
Doug to email Eckerman report and Pawel report to team. 
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Surry UA MACCS Parameter Review Meeting 
October 14, 2014 

 
Attendees: Scott Weber, Cedric Sallaberry, Jon Helton, Doug Osborn, Nate Bixler, Fotini Walton, and 
Joe Jones 
 
The following parameters were reviewed: 
VDEPOS 
CWASH1 
PROTIN 
CSFACT 
EFFTHR 
EFFACA 
EFFACB 
ESPEED 
DLTEVA 
 
General Comment: 
Change Rational to “Rationale” in heading of all storyboards. 
 
VDEPOS 
Nate will modify the approach to reduce the range.  Add an explanation regarding why there are 9 
curves but 10 bins are listed.  Piece-wise log uniform may be changed to piece-wise uniform, 
depending on the final approach selected. 
 
CWASH1 
Change lambda to equal a positive, rather than negative in line 2 and below equation 1 in the text.  
Nate will review MACCS to determine the equation actually used. It is expected to be the one in the 
storyboard.  Minor text edits are needed. 
  
PROTIN 
Scott identified errors in the reference documents used to generate the original PB distributions which 
affect how this distribution will be developed.  It was agreed that a rank correlation coefficient of 0.8 
should be used to be consistent with GSHFAC.  There was much discussion regarding Figure 1.  This 
is an artifact of the trouble with the data in the references.  Scott will review this with Nate and Cedric 
offline and propose a new distribution.  A new distribution will include the effects of normal conditions 
being 81% indoors and 19% outdoors.  
 
CSFACT 
Scott identified errors in the reference documents used to generate the original PB distributions.  Based 
on these errors, it was agreed to complete the CSFACT parameter, a new distribution would need to be 
developed and data to support such a distribution is limited.  CSFACT was shown to have a low 
importance in the PB UA and historically it is a low contribution to dose.  The team agreed to delete this 
parameter from the set.  This will be discussed with NRC in the meeting next week. 
 
EFFTHR 
The justification section needs to explain what is being sampled.  There are 3 variables, bone, lungs, 
and stomach.  This needs to be clear in the text.  The two-parameter Weibull function should be revised 
to read 3-parameter.  It was agreed this should be a piecewise uniform distribution.  The equation 
variables will be rewritten to reflect the names identified in the other storyboards and to include units.  
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Additional text will be added to explain why we are sampling the way we do (e.g., the denominator and 
exponent of the equation are sampled).  This is because of the way MACCS handles the analysis. 
 
The bounds need to be discussed in the Rationale section discussing why the pulmonary system 
extends far to the right. This was based on the original data.  The team agreed the correlation should 
be revised to 1 rather than 0.99.  There was little basis for identifying 0.99.   
 
EFFACA 
Same comments as EFFTHR. 
 
EFFACB 
Same comments as EFFTHR. 
 
ESPEED 
Additional discussion is needed regarding where initial speeds were obtained.  Discussion is needed  in 
the rationale section regarding the 3 hour mobilization time for school buses, which would cause school 
buses to enter the roadway network when congestion is building.  The team agreed a triangle 
distribution would be more appropriate because we have confidence in the mode and the likely speeds 
would be centered around this.  The curve will be replotted and modes will be established for each 
cohort using information from the evacuation time estimate (ETE).  It was agreed that perfectly rank 
correlated is the most appropriate approach.  A mode column will be added to the table.  SOARCA 
values, represented as triangles, will be defined on the new plot. Minor text edits are needed. 
 
DLTEVA 
A timeline will be added to the storyboard to illustrate the DLTEVA duration.  Discussion regarding use 
of the new 2012 ETE for the distribution and bounds will be added.  The team agreed a triangle 
distribution would be more appropriate because we have confidence in the mode and the likely delays 
would be centered around this.  A mode column will be added to the table.  The lower bound of 3.5 
hours for Cohort 5 (evacuation tail) will be revised to 3 hours in order to align with the upper bound of 
Cohort 1SOARCA values, represented as triangles, will be defined on the new plot. Minor text edits are 
needed to address the factor of 2 applied to the Cohort 4 mobilization time. A note will be added to the 
table identifying that for each cohort, there is a correlation from ring to ring. 
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Surry UA MACCS Parameter Review Meeting 
October 15, 2014 

 
Attendees: Scott Weber, Cedric Sallaberry, Jon Helton, Doug Osborn, Nate Bixler, Fotini Walton, and 
Joe Jones 
 
The following parameters were reviewed: 
VDEPOS 
TIMHOT 
TIMNRM 
DOSHOT 
DOSNRM 
 
DOSHOT 
The relocation parameters were discussed as a set.  The dose thresholds were discussed first and it 
was explained that the EPA PAG is used as the mode for each of the parameters.  The 1 rem 4 day 
dose is used for normal relocation, and the 5 rem 4 day dose is used for hotspot.  It was agreed the 
modes are a best estimate.  For hotspot, it was discussed that the lower bound should be reduced from 
2 rem to 1 rem to reflect the potential for OROs to establish a lower threshold for the normal relocation 
criterion, which would suggest the EPA PAG might be the lower bound for DOSHOT.  The remaining 
bounds and distribution were agreed upon by the team. Minor text edit related to correlation. 
  
DOSNRM 
The 1 rem 4 day dose is used for normal relocation and the 5 rem 4 day dose is used for hotspot.  It 
was agreed the modes are a best estimate.  It was discussed that the lower bound should be raised 
from 0.1 rem to 0.5 rem.  The metric for the study is risk.  Use of 0.1 rem could cause the relocation of 
a very large number of residents which would potentially artificially affect the risk.  OROs would be 
expected to consider the number of people that require relocation in their decision, thus it is more likely 
they would not establish such a low threshold.  The remaining bounds and distribution were agreed 
upon by the team. Minor text edit related to correlation. 
 
TIMHOT 
The lower bound should be increased. Based on the discussion, it would take more time to implement 
the lower bound.  The value will be increased from 8 hours to 12 hours.  The remaining bounds and 
distribution were agreed upon by the team. Minor text edits. 
   
TIMNRM 
Again it was emphasized that TIMHOT must be greater than TIMNRM.  The bounds and distribution 
presented were agreed upon by the team. Minor text edits. 
  
VDEPOS 
Nate presented his modified storyboard with a much lower range of values. The team discussed his 
approach and his basis, which was largely on NUREG/CR-4557, Vol. 2, Rev. 1 Part 7.  The approach 
appeared reasonable and well justified.  Nate may add an equation to the storyboard, or this may be 
put in the report when the section is developed. 
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Surry UA MACCS Parameter Review Meeting 

October 24, 2014 
 
Attendees: NRC: Tina Ghosh, AJ Nosek; SNL: Scott Weber, Cedric Sallaberry, Jon Helton, Doug 
Osborn, Nate Bixler, Fotini Walton, and Joe Jones 
 
The following parameters were reviewed: 
 
CWASH1 
VDEPOS 
CSFACT 
GSHFAC 
PROTIN 
EFFACA 
EFFACB 
EFFTHR 
DDREFA 
CFRISK 
Long Term Inhalation Dose Coefficients 
CYSIGA 
CZSIGA 
DOSHOT 
 
On Friday, October 24, 2014, a meeting was held to review the MACCS parameter storyboards 
developed for the Surry uncertainty analysis.  The following is a summary of comments and 
suggestions for each parameter reviewed: 
 
CWASH1:  Nate explained that based on more recent information, the bounds of the distribution was 
able to be narrowed to 2 orders of magnitude.  Question posed regarding whether MACCS capabilities 
should be added to address wet deposition based on aerosol size.  MACCS currently can’t handle this 
type of computation but MACCS could be revised.  Nate suggested this revision be made in the past, 
but it was turned down at the time. Jon Helton mentioned that this concept is quite complicated 
because there are different rain drop sizes, aerosols, etc.  NRC asked whether the approach used in 
HYSPLIT was considered.  Nate explained that HYSPLIT treats rainout and washout, while MACCS 
combines these.  MACCS uses 1 equation for washout with 1 particle size.  Tina and Nate both 
suggested that NUREG-7161 be updated in the future based on the change of two orders of magnitude 
for CWASH.   
 
Tina will provide comment on the write-up for CWASH and will most likely rearrange some of the write-
up.   
 
VDEPOS:  Sandia clarified the correct spell in of this parameter is VDEPOS.  There are several 
locations where the micron symbol did not print.  There was much discussion regarding the distribution.  
Nate explained that the expert elicitation data was used to define the mode. There was discussion 
regarding the effects of aerosol density with respect to size bins.  Mode is at about 20% for the 
triangular, 33% for a log-triangle, and 50% for a natural log triangle. So the natural log triangle seems to 
be the best option so there is equally weighting on either side. Cedric explained more about how the 
log-triangle distributions look. Tina would like to give a little more weight to the tails so that the sample 
is not skewed to sample higher number. This should be identified in the text.  It was agreed that a log 
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normal distribution may be a better choice.  Also, it may be reasonable to truncate the tails.  Sandia will 
revise the distribution. 
 
GSHFAC:  The evacuation curve was discussed in detail, with questions regarding why the range was 
so broad.  Sandia will adjust the evacuation curve to have a smaller range.  There was discussion 
regarding the sampling of the extreme bounds.  There are no conditions where the entire public would 
receive the protection values of these bounds.  Sandia will adjust this by applying a weighted approach 
based on the populations.  Sandia will also add a separate distribution for Cohort 4, Special Facilities. 
Sandia will verify whether the evacuation in Figure 1 is correct. Decision was made to give evacuation a 
smaller distribution. Distributions should be truncated somehow.  
 
Add “factor” to GFDE discussion in the storyboard. 
Add more discussion on Cohort 4 uncertainty in the storyboard.   
 
PROTIN:  Same comments on the range of 0 to 1.  Sandia will establish a compromise value using a 
weighted approach in an attempt to represent smart mapping of the public across the parameter range 
given that only one value is used to represent the entire public.  Sandia will add an evacuation 
distribution and will add a separate distribution for Cohort 4, Special Facilities.  The team should 
discuss the correlation possibilities.   
 
EFFACA:  The approach follows that used for Peach Bottom.  ACRS did not like the bounds for PB; 
however, since we are attempting to understand whether a single fatality occurs rather than fractions of 
fatalities, it was agreed the bounds are acceptable.  Additionally, since EFFACA had minimal affect to 
consequences no additional actions will be assigned to this parameter. 
 
EFFACB AND EFFTHR:  These distributions are the same as PB.  The same discussion for EFFACA 
is applicable. Additionally, since EFFACB and EFFTHR had minimal affect to consequences no 
additional actions will be assigned to this parameter. 
 
DDREFA:  Sandia will add that this is a dimensionless variable to CDF and PDF Figures.  Sandia will 
add a sentence explaining MACCS does not consider the dose rate in this particular application. Error 
on distribution was found and corrected for both PB and Surry.  Clarify that MACCS looks at actual 
dose and not the rate.  Change rem to rad in the storyboard. 
 
CFRISK:  The reference notations will be fixed.  
 
LONG TERM INHALATION DOSE COEFFICIENTS:  Much discussion regarding the distribution.  The 
range of 16 orders of magnitude seems large.  This came directly from the Eckerman report which 
states that the particular range is not well understood.  Sandia will replace the Iodine curve with 
Cesium, which is a better example for long term.  The first sentence in the related parameter section is 
incorrect and will be deleted. 16 orders of magnitude for red bone marrow is much too large. Discussion 
was made that perhaps the acknowledgement of huge range should be made in the report. The plots 
are specific for a single RN. Use Cs-137 and Pu-241 CDFs as figures to show differences in organs 
and radionuclides. Team concluded to delete the first line of the “Other Parameters” Section. 
 
CYSIGA:  Scott explained the approach to narrowing the bounds using data from NUREG/CR 4551.  
NRC will have Keith Compton review this because he may be investigating the uncertainty in this 
parameter for the Level 3 PRA. 
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CZSIGA:  The same approach was used for this parameter.  There was a question regarding why the 
Class A/B curve was offset to the left.  This was also observed with PB, but was not as evident because 
it was plotted differently. 
 
DOSHOT:  Sandia explained the application of the parameter is specific to MACCS.  The EPA 
Protective Action Guide (PAG) of 5 rem is the best estimate. Because this is based on the EPA PAG, it 
is considered the mode.  It was agreed the range is reasonable. 
 
TIMHOT:  The contributions to this time element were described.  NRC asked whether a shelter period 
might be part of the time period because the period begins with plume arrival.  This will be further 
reviewed. 
 
The meeting ended before the completion of the TIMHOT parameter.  This, and the remaining 
parameters will be discussed in the next parameter review meeting. 
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Surry UA MACCS Parameter Review Meeting 
November 12, 2014 

 
Attendees: NRC: Tina Ghosh, AJ Nosek, Keith Compton; SNL: Scott Weber, Cedric Sallaberry, Nate 
Bixler, Fotini Walton, and Joe Jones 
 
The following parameters were reviewed: 
 
TIMHOT 
TIMNRM 
DOSNRM 
DLTEVA 
ESPEED 
 
A meeting was conducted on November 12, 2014, to review the draft storyboards. The following is a 
summary of comments and suggestions for each parameter reviewed: 
 
TIMHOT 
The contributions to the time needed to relocate residents from areas where the hotspot dose threshold 
is exceeded were discussed.  These are identified in the storyboard.  The question was asked whether 
this should be correlated with the source term magnitude.  Generally, a larger source term has the 
potential to affect a larger population and may therefore require more time to relocate.  However, this 
may not always be true.  Furthermore, the ability to correlate with source term does not currently 
exist.  The relocation parameters did not show as important in the Peach Bottom UA; therefore, it was 
agreed not to expend the effort to correlate the parameters.   
 
Sandia will consider conducting a sensitivity analysis using a weighted range of source terms to 
determine the area potentially affected by the hotspot and normal dose threshold.  This information 
could be used to inform the parameter distribution. 
 
TIMNRM AND DOSNRM 
These parameters were discussed together.  A discussion ensued regarding whether an inverse 
correlation should be considered.  It was agreed there would be little basis in establishing the negative 
correlation value.  More importantly, it was discussed that although a smaller dose may contribute to a 
longer time because more people are affected, since more people would be leaving, less dose is 
received.  Based on this offsetting effect, it was agreed that inverse correlation would not be applied. 
 
 
DLTEVA 
This parameter is a single point value intended to represent the actions of a population.  The population 
does not respond as a unit, therefore, the values represent the average time for the public to 
respond.  It was explained that the upper bounds for Cohorts 4 and 5 are less than the best estimate 
value because an update evacuation time estimate (ETE) was developed in 2012.  This updated ETE 
formed the basis for the parameter distribution. 
 
A discussion ensued regarding whether the radial evacuation being modeled represents the planned 
protective action.  The planned initial protective action is a keyhole evacuation but when the analyses 
were being done for SOARCA, MACCS did not have a capability to model a keyhole; thus, a radial 
evacuation was modeled.  To review the uncertainty against the best estimate calculation, the radial 
modeling must be maintained.  This will be added to the list of potential sensitivity analyses. 
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ESPEED 
The ESPEED values were discussed.  A question was asked whether the aleatory uncertainty 
regarding the time of day or season of the year was considered.  The bounds currently represent the 
winter weekday scenario, consistent with the best estimate analysis.  However, the ETE study provides 
time values for day or night, weekday or weekend and season; therefore the distribution will be updated 
to include this data.  It was also discussed that the lower bound of the speeds represents the 
infrastructure damage from the initiating event as described in the seismic sensitivity analysis in the 
Surry study. 
 
The meeting ended before the completion of the TIMHOT parameter.  This, and the remaining 
parameters, will be discussed in the next parameter review meeting. 
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Parameter Name:   
Pressurizer SRV Stochastic Failure to Close (SRVLAMFTC) 

Type of 
Distribution: 

Beta 
Technical Justification for the uncertainties:  One concern regarding the timing of the 
accident sequence is when the depressurization of the reactor coolant system (RCS) 
occurs.  As part of the SOARCA project, a potential accident sequence where the RCS 
depressurizes is the failing open of a pressurizer safety relief valve (SRV) due to excessive 
cycling (i.e., an SRV stochastic failure-to-close).  The MELCOR model is setup to cause 
the SRVs to open at predetermined pressures and specified flow rates.  The SRVs will 
close when pressure drops below 96% of their opening pressure.  This model sets the 
SRVs to fail-to-close (FTC) based on a per-demand failure probability.  
 
From industry failure data summarized in NUREG/CR-6928, Table 5-1, the mean failure-to-
close (FTC) probability from 2 FTCs in 3142 trials is 6.4×10-4 per-demand.  There are only 
three pressurizer SRVs. The number of demands before an independent binomial random 
event occurs is modeled by a series of three negative binomial distributions representing 
each of the three valves. 
Rationale for type of distribution:  In NUREG/CR-6823, it is recommended that 
uncertainties associated with the probability of failure on demand should be characterized 
by beta distributions with the Jefferies noninformative prior distribution [beta (1/2,1/2)] to 
prevent weak data from biasing the uncertainty in the overall estimate. 
 
The SOARCA per-demand FTC probability value was cited in NUREG/CR-7110 Volume 2 
to be Pd = 2.7×10-3 per demand based on information provided from the site [1].  The SRV 
FTC was assumed to occur when the cumulative distribution function value equaled 0.5 
(the median of the distribution).  This corresponds to a FTC after 256 valve cycles by the 
negative binomial distribution:  P(n) = 1-(1-Pd)n  where P(n) is the cumulative distribution 
function value, Pd is the per-demand failure probability, and n is the number of cycles.  
However, from NUREG/CR-7110 Volume 2, “Future PWR calculations will adopt the 
‘expected value’ as the recommended base case value.”  This recommendation is based 
on comments from the SOARCA Peer Review Panel.  The ‘expected value’ is calculated as 
1/ Pd.  Due to enhancements in the treatment of stochastic SRV failure, the ‘expected 
value’ will not be applied to the SRVLAMFTC failure probability.  Instead, the negative 
binomial sampling methodology is applied, as with all other SRV stochastic failure 
uncertainties.     
 
The precise per-demand failure probability is difficult to determine from the raw data 
documented in NUREG/CR-6928 because there are so few failures.  However, it is clear 
that valve failure data after numerous cycles are extremely rare (perhaps non-existent) 
primarily because events involving numerous, continuous valve cycling are not observed.  
Consideration should be taken into whether the failure rate used to calculate the (low) 
probability of failure to reclose after a few cycles should be extrapolated to estimate the 
(higher) probability of failure after a large number of cycles. 
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
Related parameters are the pressurizer SRV stochastic failure to open, the pressurizer 
SRV thermal failure to close, and the pressurizer SRV failure to close due to water swell.  
All are failure modes of the primary SRVs. 
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Graphic: (generic plot of the distribution) A general 3 valve transition state diagram with 
failure to open and failure to close failure modes is shown in Figure 1. The mean results 
from the three valve negative binomial distribution with potential FTO and FTC valve 
failures can be seen in Figure 2. The beta distribution in Figure 3 is derived from the failure 
data in NUREG/CR-6928 and the methodologies in NUREG/CR-6823.   

Figure 1: Three Valve Transition State Diagram with Failure to Open and Failure to Close 
failure modes. From top to bottom, the green arrows are followed as the system 
pressurizes. The purple arrows are followed due to a depressurization event due to the 
FTC of any one SRV. If the system does not depressurize due to a FTC event, failure of 
another component within the system (e.g. creep rupture of the hot leg) will allow the 
system to depressurize. 
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Figure 2:  Mean SRV FTC and FTO Distributions for the three SRV system shown in Figure 

1. 

 
Figure 3:  Cumulative distribution function of safety relief valve failure to close valve cycle 
per-demand failure probability. The SOARCA SRVLAMFTC value is shown by the red star 
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at 2.7x10-3/demand. 
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Parameter Name:  
Pressurizer SRV Stochastic Failure to Open (SRVLAMFTO) 

Type of 
Distribution: 

Beta 
Technical Justification for the uncertainties:  One concern regarding the timing of the 
accident sequence is when the depressurization of the reactor coolant system (RCS) 
occurs.  A unique sequence for this work is where all pressurizer safety relief valves 
(SRVs) fail closed due to excessive cycling (i.e., an SRV stochastic failure-to-open). Since 
there are only three pressurizer SRVs, this sequence can be considered. The number of 
demands before an independent binomial random event occurs is modeled by a series of 
three negative binomial distributions representing each of the three valves. 
 
As an example, consider the following:  From industry failure data summarized in 
NUREG/CR-6928, Table 5-1, the mean failure-to-open (FTO) probability from 10 FTOs in 
3142 trials is 3.1×10-3 per-demand and the mean failure-to-close (FTC) probability from 2 
FTCs in 3142 trials is 6.4×10-4 per-demand.  Given the original SOARCA estimate of a 50th 
percentile for SRV FTC failure (i.e., 256 valve cycles) and applying the given FTC and 
FTO, in 6% of all realizations all SRVs fail close, and in 17% one SRV will fail open.  For 
this case, Figure 1 provides the FTO and FTC cumulative failure probability for the number 
of SRV cycles (e.g., the solid green line = one SRV fails open; the solid red line = ALL 
SRVs fail close).  As seen in Figure 1, the FTO cumulative probability for a single SRV is 
greater than the FTC cumulative probability for all SRVs until ~ 900 valve cycles.  
Afterwards, FTC for all SRVs becomes the dominate probability.  In order to properly model 
the three probable valve states, a Monte Carlo sampling of the epistemic uncertainty 
distributions (modeled as beta distributions) for both FTC and FTO will be propagated 
through negative binomial distributions to produce the cumulative probabilities for: (1) 
normal SRV operation, (2) a single SRV FTC, and (3) all SRVs FTO.  
 
The MELCOR model is setup to cause the SRVs to open at predetermined pressures and 
specified flow rates.  The SRVs will close when pressure drops below 96% of their opening 
pressure.  This model sets the SRVs so that each of the three valves will experience either 
FTC or FTO at a number of cycles which is sampled before the simulation based on the 
described methodology. 
Rationale for type of distribution:  In NUREG/CR-6823, it is recommended that 
uncertainties associated with the probability of failure on demand should be characterized 
by beta distributions with the Jefferies noninformative prior distribution [beta (1/2,1/2)] to 
prevent weak data from biasing the uncertainty in the overall estimate. 
   
In NUREG/CR-7110 Volume 2, the SRV FTC was estimated to occur when the cumulative 
distribution function value equaled 0.5 (the median of the distribution).  This corresponds to 
an expected FTC event after 256 valve cycles by the negative binomial distribution:  P(n) = 
1-(1-Pd)n  where P(n) is the cumulative distribution function value, Pd is the per-demand 
failure probability, and n is the number of cycles).  However, from NUREG/CR-7110 
Volume 2, “Future PWR calculations will adopt the ‘expected value’ as the recommended 
base case value.”  This recommendation is based on comments from the SOARCA Peer 
Review Panel.  The ‘expected value’ is calculated as 1/ Pd.  Due to enhancements in the 
treatment of stochastic SRV failure, the ‘expected value’ will not be applied to the 
SRVLAMFTO failure probability.  Instead, the negative binomial sampling methodology is 
applied, as with all other SRV stochastic failure uncertainties.     
 
The precise per-demand failure probability is difficult to determine from the raw data 
documented in NUREG/CR-6928 because there are so few failures.  However, it is clear 
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that valve failure data after numerous cycles are extremely rare (perhaps non-existent) 
primarily because events involving numerous, continuous valve cycling are not observed.  
Consideration should be taken into whether the failure rate used to calculate the (low) 
probability of failure to reclose after a few cycles should be extrapolated to estimate the 
(higher) probability of failure after a large number of cycles.  
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
Related parameters are the pressurizer SRV stochastic failure to close, the pressurizer 
SRV thermal failure to close, and the pressurizer SRV failure to close due to water swell.  
All are failure modes of the primary SRVs. 
Graphic: (generic plot of the distribution):  The mean results from the three valve 
negative binomial distribution with potential FTO and FTC valve failures can be seen in 
Figure 1. The beta distribution in Figure 2 is derived from the failure data in NUREG/CR-
6928 and the methodologies in NUREG/CR-6823.   
 

 
Figure 1:  Mean SRV FTC and FTO Distributions for a three SRV system  
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Figure 2:  Cumulative distribution function of safety relief valve failure to open valve cycle 

per demand failure probability 
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Parameter Name:  
Pressurizer SRV Failure to Close due to Passing Water (SRVWTR) 

Type of 
Distribution: 

Piecewise 
Technical Justification for the uncertainties:  A key aspect affecting the timing of the 
accident sequence is when the depressurization of the reactor coolant system (RCS) 
occurs.  A unique sequence for this work is the potential for the RCS to depressurize by 
failing open a pressurizer safety relief valve (SRV) due to excessive cycling while passing 
liquid (i.e., an SRV stochastic failure-to-close passing liquid (FTCL)).   
 
NUREG-1570 & selected EPRI reports state from the observed damage to an SRV passing 
water, there is a ‘possibility’ that an SRV ‘could’ fail from passing water.  This failure mode 
was not considered in SOARCA.   
 
From NUREG-1570, Section 2.3.2.1:  “EPRI has recently proposed such a failure model for 
use in assessing the reliability of pressurizer safety valves (PSVs) and MSSVs for repeated 
cycling...To derive this model, EPRI reviewed failure rate data used in IPEs, as well as 
results from a series of EPRI-sponsored tests conducted on seven PSVs in the early 
1980s, and the limited operating experience reported in NRC information notices and 
LERs.  On that basis, EPRI assessed the PSV failure rates per demand to be 2.7x10-2 for 
steam cycles and 1.1x10-1for liquid cycles.  In the aggregate, the EPRI model indicates that 
the PSV will fail to reclose during the boil-down phase with a probability of 0.69 to 0.98 (for 
PSVs with dead bands of 15 and 5 percent, respectively).”   
 
“The staff notes that the failure rates derived by EPRI reflect an assumption that the limited 
valve damage observed in the EPRI-sponsored tests (2 observations in 75 steam tests, 
and 3 observations in 25 liquid tests) led to the valves’ failure to reclose.  However, there is 
insufficient evidence to conclude that the instances of valve damage observed in the tests 
constitute a failure to reclose.  Specifically, the test documentation does not indicate that 
the valves failed to reclose in any of the tests, or that the observed damage would prevent 
continued operation of the valves.  Furthermore, in one of the few operating events in 
which repeated power operated relief valve (PORV) cycling occurred, the PORV cycled 
approximately 200 times without failure, despite the fact that the valve sustained 
considerable damage. Thus, the staff concludes that the fraction of sequences involving 
early PORV/SV failure (about 14 percent, according to the PDS information for Surry) 
provides a reasonable basis for this scoping assessment.”     
 
The MELCOR model is set up to cause the SRVs to open at predetermined pressures.  
The SRVs close when pressure drops below 96% of their opening pressure.  This model 
sets the SRVs to fail-to-close (FTC) based on a per-demand failure probability.  MELCOR 
will monitor the steam/liquid mixture passing through each SRV flow path and will 
determine a ‘SRV passing liquid’ cycle as any cycle where the void fraction is 0.5 or 
greater.  A void fraction of 0.5 was selected because this is, at a minimum, seen in the 
Surry MELCOR model to in the SRV when the water swell in the pressurizer is seen for the 
STSBO scenario. 
Rationale for type of distribution:   
In NUREG/CR-7110 Volume 2, the SRV FTC was estimated to occur when the cumulative 
distribution function value equaled 0.5 (the median of the distribution).  This corresponds to 
an expected FTC event after 256 valve cycles by the negative binomial distribution:  P(n) = 
1-(1-Pd)n  where P(n) is the cumulative distribution function value, Pd is the per-demand 
failure probability, and n is the number of cycles).  However, from NUREG/CR-7110 
Volume 2, “Future PWR calculations will adopt the ‘expected value’ as the recommended 
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base case value.”  This recommendation is based on comments from the SOARCA Peer 
Review Panel.  The ‘expected value’ is calculated as 1/ Pd.  Due to enhancements in the 
treatment of stochastic SRV failure, the ‘expected value’ will not be applied to the SRVWTR 
failure probability.  Instead, the negative binomial sampling methodology is applied, as with 
all other SRV stochastic failure uncertainties, using data from NUREG/CR-6928.     
 
An NRC analysis of industry-average data for SRV FTCL performance is documented in 
NUREG/CR-6928.  This recent assessment of component reliability in nuclear systems for 
SRV FTCL is not based on any observed failures for either SRVs or code safety valves 
(SVVs).  Instead SRV FTCL is an average of the 95th percentiles of the FTC data entries. 
 

 NUREG/CR-6928 computed an estimated per-demand failure probability described 
in Table 5-1 (SRV FTCL) with a mean value of Pd = 1.00×10-1 per-demand  with 5th 
and 95th percentile values of 4.62×10-4 and 6.02×10-1 per-demand, respectively 

 
This per-demand failure probability is described by a beta distribution with shape 
parameters α = 0.5 and β = 4.5. Since failure of a SRV caused by passing water has never 
been observed and the likelihood of a SRV failing after a single cycle of water passing 
through is negligible, a piecewise failure probability is created.  The team’s engineering 
judgment assumes there is no failure for the first ten valve cycles in which the void fraction 
criterion is exceeding in the SRV.  Thus, for the first ten cycles, it is assumed that the per-
demand failure probability is zero. 
 
A non-diffuse distribution is difficult to prescribe since there is no documented failure data.  
However, it is clear that valve failure data after numerous cycles are extremely rare 
(perhaps non-existent) primarily because events involving numerous, continuous valve 
cycling have not been observed.  Consideration should be taken into whether the failure 
rate used to calculate the (low) probability of failure to reclose after a few cycles should be 
extrapolated to estimate the (higher) probability of failure after a large number of cycles.   
 
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
Related parameters are the pressurizer SRV stochastic failure to close, the pressurizer 
SRV thermal failure to close, and the pressurizer SRV stochastic failure to open.  All these 
failure modes are included as uncertainty parameters for the primary SRVs. 
 
A more difficult parameter to assess was the magnitude of the pressurizer swell.  Two 
studies suggest that MELCOR may over-predict the duration of the pressurizer level swell 
and therefore the number of cycles with water flow.  The base case SCDAP/RELAP5 SBO 
in NUREG/CR-6995 had ~10 min of water swell to the top of the pressurizer with water 
flow.  There were 2-3 PORV cycles and 2 SRV cycles during this time period. In contrast, 
the SOARCA study had ~20 minutes of water swell to the top of the pressurizer with 
26 additional minutes of momentary swells to the top for a total of 15 SRV cycles with 
substantial water flow (i.e., the SOARCA study did not include PORV availability).  
Similarly, Vierow compared MELCOR and SCDAP/RELAP5 for a station blackout with an 
older version of the code (i.e., Version 1.8.5) and Surry model (i.e., prior to the model 
enhancements and corrections for SOARCA).  The swollen level was at the top of the 
pressurizer for ~24 min in SCDAP/RELAP5 and 35 min in MELCOR.  However, the number 
of cycles were not reported and could not be estimated from the graphs (i.e., covered with 
MAAP results).  Furthermore, both studies suggest a much faster draining of the 
pressurizer in the SCDAP/RELAP5 calculation following the swell phase to the top of the 
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pressurizer (e.g., 87 min in [Vierow]).  No additional or alternate uncertainty variable is 
suggested at this time but the influence of the selected cycle count parameter on the 
accident progression may be revisited if the majority of the uncertainty realizations include 
SRV failure by water flow.   
 
Fletcher, C.D., Et. al., “SCDAP/RELAP5 Thermal-Hydraulic Evaluations of the Potential for 
Containment Bypass During Extended Station Blackout Sever Accident Sequences in a 
Westinghouse Four-Loop PWR”, NUREG/CR-6995, 2010. 
 
K. Vierow, Y. Liao, J. Johnson, M. Kenton, R. Gauntt, “Severe Accident Analysis of a PWR 
Station Blackout with the MELCOR, MAAP4 and SCDAP/RELAP5 Codes”, Nuclear 
Engineering and Design, Vol. 234, Issue 1-3, pp. 129-145, 2004. 
 
 
Graphic (generic plot of the distribution):  The beta distribution in Figure 1 is the 
methodology provided in NUREG/CR-6928 with parameters α = 0.5 and β = 4.5.  Figure 2 
shows as examples the mean, 5th, 50th, and 95th percentile piecewise CDFs created with 
the negative binomial sampling methodology using the distribution from Figure 1 and 
assuming that the first ten valve cycles passing liquid do not cause a failure to close. This 
yields a unique number of cycles to failure for each MELCOR realization.  
 

 
Figure 1:  Cumulative distribution function of safety relief valve failure to close passing 
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Figure 2:  Mean, 5th, 50th, and 95th percentile cumulative distribution functions of safety 

relief valve failure to close due to passing liquid as a function of valve cycles 
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Parameter Name:  
Pressurizer SRV Thermal Failure to Close (SRVFAILT) 

Type of 
Distribution: 

Beta 
Technical Justification for the uncertainties:  
One concern regarding the timing of the accident sequence is when the depressurization of 
the reactor coolant system (RCS) occurs.  As part of the SOARCA project, a potential 
accident sequence where the RCS depressurizes is failing open a pressurizer safety relief 
valve (SRV) due to hot gases passing through the valve (i.e., an SRV thermal failure-to-
close).   
 
The pressurizer SRV is a spring-loaded pressure relief valve.  There is uncertainty related 
to the failure-to-close (FTC) due to thermal load as described in NUREG/CR-7110, Volume 
1 for Crosby SRVs.  The Crosby SRV design is a spring loaded valve that ‘pops’ open to 
relieve reactor pressure vessel (RPV) pressure, and then gradually recloses as internal 
pressure decreases.  The variable valve stem position (or valve open fraction) allows RCS 
pressure to be maintained close to a target value until RCS pressure reduces below a 
minimum setpoint when the valve recloses. 
 
NUREG/CR-7110, Volume 1 provides a discussion on the effect of high temperature to 
valve seizure, describing the softening or reduction of strength in stainless steel at 
temperature greater than ~1000 °F (811 K).  The same reference for the 811K in 
NUREG/CR7110, Volume 1 also suggests the maximum temperature that could be 
experience by the SRV is about 1600 °F (1144 K).   
 
EPRI performed an SRV thermal analysis in early 2000 [1].  The conclusion from this 
analysis is the spring rate decreases with increasing temperature, which in turn decreases 
the valve lift pressure.  A correlation for the change of the spring rate in percentage as a 
function of temperature is given: 1.6879-0.02409*T, where T is in °F.  Although the test 
was conducted for spring temperatures from 50 to about 350 °F, an extreme extension of 
the correlation suggests significant change of spring rate (> 35%) at T > 1600 °F (1144 K) 
the maximum SRV temperature given above.   
 
The MELCOR model is setup to cause the SRVs to open at predetermined pressures and 
specified flow rates.  The SRVs will close when pressure drops below 96% of their opening 
pressure.  This model sets the SRVs to fail-to-close (FTC) based on a per-demand failure 
probability. 
Rationale for type of distribution:   
A beta distribution was created for this parameter based on failure information, which is 
similar to the methodology in NUREG/CR-7155 for SRV FTC due to thermal failure.  An 
extensive evaluation of thermal seizure of the SRV was included in NUREG/CR-7110, 
Volume 1, Sections 4.4.1 and 4.4.2. This evaluation indicated that failure by thermal 
expansion would like not be until temperatures of 1000 K or higher. A mean of 900 K was 
recommended for failure by material deformation. Pilot valve and spring failure were also 
considered in this evaluation but no temperature recommendations were found. However, 
in the EPRI study described above it was stated that significant change in spring rate would 
occur by 1144 K. These all indicate temperatures near 1000 K for failure, but the exact 
method of failure remains an unknown.  
 
 An initial criterion for high-temperature valve failure was based on manufacturers’ 
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information describing the strength of stainless steel, published by the Stainless Steel 
Information Center (www.ssina.com/composition/temperature.html).  Softening or loss of 
strength of stainless steel (300 series) was described to start to occur at ‘about 1000°F’ 
(811 K).  This provides the lower bound for the distribution.  The median temperature used 
in this distribution is 1,000K as in NUREG/CR-7110, Volume 2, which agrees with the 
failure temperatures given above.  Given that material deformation would be expected at 
the hot working temperature of 304 stainless steel, between 1149-1260°C [2], an physical 
upper bound limit for plastic deformation is based on the lower end of this temperature 
range, 1422K.   
 
The parameters of the beta distribution were set so that distribution is weighted more 
towards the median value of 1000K±80K which is indicated by the range of failure 
temperature data described above. As the EPRI study correlation of significant change in 
spring rate at 1144K (confirmed by NUREG/CR-7110, Volume 1 as a limit for material 
deformation) can be seen as a practical upper limit, the distribution is shaped so this 
temperature is calculated at the 97th percentile. However it still allows for limited sampling 
up to the physical upper limit of 1422K. 
 
Once the temperature of a heat structure representing the SRV reaches the determined 
temperature limit in Figure 1, the SRV will FTC on the next cycle.   
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
The SRV open area fraction parameter may be used in conjunction with this parameter 
because SRVFAILT is used as a logical parameter to indicate if it is ‘true’ or ‘false.’  If it is 
‘true,’ it is subjected to amount of the valve open due to the thermal seizure.  It is assumed 
that the control function (CF) to model this parameter is a latch type CF.  Additional related 
parameters are the pressurizer SRV stochastic failure to open, the pressurizer SRV 
stochastic failure to close, and the pressurizer SRV failure to close due to water swell.  All 
are failure modes of the primary SRVs. 
Graphic (generic plot of the distribution):  Beta (alpha=5, beta=10.7615) 
The black dot in Figure 1 shows the SOARCA Surry value.   
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Figure 1:  Cumulative distribution function for the temperature for safety relief valve thermal 
failure to close after one valve cycle at the specified temperature 
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Parameter Name: 
Pressurizer SRV Thermal Failure to Close Open Area Fraction 
(SRVOAFRAC) 

Type of 
Distribution: 

Uniform 
Technical Justification for the uncertainties:   
One concern regarding the timing of the accident sequence is when the depressurization of 
the reactor coolant system (RCS) occurs.  As part of the SOARCA project, a potential 
accident sequence where the RCS depressurizes is failing open a pressurizer safety relief 
valve (SRV) due to hot gases passing through the valve (i.e., an SRV thermal failure-to-
close).   
 
For the safety relief valve thermal failure-to-close (SRVFAILT) parameter derivation, the 
SRV will exhibit a failure-to-close (FTC) if the SRV temperature reaches a sampled high 
temperature limit which allows the valve components to heat up to possible damage 
conditions.  The MELCOR model is setup to cause the SRVs to open at predetermined 
pressures and specified flow rates, and then close when pressure drops below 96% of their 
opening pressure. It is anticipated that heat up and thermal expansion of the SRV would 
occur primarily during periods of gas flow (open cycles), although penetration (conduction) 
of heat transferred to inner surfaces would occur at all times (valve open or closed).   
 
With the heating of SRV components there is the potential of at least three failure modes. 
First, The SRVFAILT minimum temperature of 811K was reported for the softening or 
reduction of strength of the stainless steel. At or above this temperature the opening or 
closing of an SRV can cause material deformation leading to valve seizure in a partially 
open position. Physically, any open fraction is possible from this type of damage. Second, 
the flowing of hot gases through the SRV can lead to differential thermal expansion causing 
a valve seizure. Since this would likely occur while the value was open, it tends to indicate 
open fractions closer to 1. However, this seizure can also be reversed if valve temperature 
lowers. Finally, high temperature reduces the spring rate that controls the valve opening 
and closing.  As the spring degrades, the effectiveness of the spring to close the valve 
decreases once it is open due to the appropriate lift pressure. This would tend to indicate 
open fractions closer to 0 as the degradation of the spring will be small until very high 
temperatures. These failure modes combined provide considerable uncertainty in the valve 
position immediately prior to failure and thus the open area for releases through the SRV. 
Rationale for type of distribution:   
An open area fraction of 1.00 (fully open) was used as the value in the NUREG/CR-7110, 
Volume 1, however, no SRV thermal failure was observed for the STSBO scenario.  As 
discussed in NUREG/CR-7155 (Peach Bottom UA), there is no data available to predict the 
uncertainty of the SRV valve position at the time when the SRV sticks open from thermal 
seizure. However, they chose to use a triangularly distribution with a mode and upper limit 
of 1.0. This is at least partially because Peach Bottom has a different type of SRV which 
cycles more rapidly, which would indicate a bias towards larger open fractions at the time 
of failure. For this analysis, all three damage modes are considered meaning that all open 
fractions will be physically possible. Since it is not known which damage mode is most 
probable, a uniform distribution between 0.0 and 1.0 was selected to measure the potential 
effects of this event on accident progression. 
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
The SRVOAFRAC parameter is used in conjunction with SRVFAILT because SRVFAILT is 
used as a logical parameter to indicate if thermal failure is ‘true’ or ‘false.’  If it is ‘true,’ this 
parameter sets the percentage of the valve open due to the thermal seizure.  It is assumed 
that the control function (CF) to model this parameter is a latch type CF.  Additional related 
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parameters are the pressurizer SRV stochastic failure to open, the pressurizer SRV 
stochastic failure to close, and the pressurizer SRV failure to close due to water swell.  All 
are failure modes of the primary SRVs. 
Graphic (generic plot of the distribution):  Uniform (0.0 to 1.0) 
The black dot shows the SOARCA Surry value. 
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Parameter Name:   
Secondary SRV Stochastic Failure to Close (SRVLAMFTC-SG) 

Type of 
Distribution: 

Beta 
Technical Justification for the uncertainties:   
One concern regarding the timing of the accident sequence is when the depressurization of 
the secondary side (i.e., one of the three steam generators) occurs.  Depressurization of a 
steam generator (SG) can create conditions for a primary-to-secondary leak and 
subsequently a containment bypass accident sequence.  As part of the SOARCA project, a 
potential accident sequence was analyzed where the SG depressurizes due to a SG main 
steam safety valve failing open due to excessive cycling (i.e., an SRV stochastic failure-to-
close). This valve terminology is slightly different than the pressurizer safety relief valve 
(SRV) but the function is the same so for the sake of consistency with the other 
storyboards, this storyboard will use SRV when referring to the valve. The MELCOR model 
is setup to cause the SRVs to open at predetermined pressures with specified flow rates.  
The SRVs will close when pressure drops below 96% of their opening pressure.  This 
model sets the SRVs to fail-to-close (FTC) based on a per-demand failure probability.  
Rationale for type of distribution:   
In previous studies, such as NUREG/CR-7110 Volume 2, the SRV FTC was calculated 
based on a per-demand failure probability and the 50th percentile (the median) of the CDF 
of the negative binomial distribution. The negative binomial distribution is:  P(n) = 1-(1-Pd)n  
where P(n) is the cumulative distribution function value, Pd is the per-demand failure 
probability, and n is the number of cycles).  Peer review of NUREG/CR-7110 Volume 2 
recommended the use of the ‘expected value’ instead of 0.5 on the CDF. The ‘expected 
value’ is calculated as 1/ Pd. However, due to enhancements in the treatment of stochastic 
SRV failure in this study, neither approach is used. Instead, a distribution is used for per-
demand failure probability, creating a set of negative binomial CDFs, which are randomly 
sampled, as with all other SRV stochastic failure uncertainties.     
 
An NRC analysis of industry-average data for SRV FTC performance was documented in 
NUREG/CR-6928 and NUREG/CR-7037.  These recent assessments of component 
reliability in nuclear systems suggest a secondary SRV FTC frequency may be smaller 
than the SOARCA value cited for Surry which was taken as the same as the primary SRVs.  
 
 NUREG/CR-6928 computed an estimated per-demand failure probability described in 

Table 5-1 (code safety valve (SVV) FTC) with a mean value of Pd = 6.76×10-5 per-
demand (expected failure at 14,792 cycles) with 5th and 95th percentile values of 
2.66×10-7 and 2.60×10-4 per demand, respectively.   

 NUREG/CR-7037, Table B-6 (SVV FTC for a non-recoverable event) reports a mean 
value of Pd = 3.33×10-2 per-demand (expected  failure at 30 cycles) with 5th and 95th 
percentile values of 7.42×10-5 and 1.31×10-1 per-demand, respectively.   

 NUREG/CR-7037, Table B-6 (SVV fail to close when all the data, including scram and 
test data, is considered) reports a mean value of Pd = 3.96×10-4 per-demand (expected  
failure at 2,525 cycles) with 5th and 95th percentile values of 1.55×10-6 and 1.52×10-3 
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per-demand, respectively.  
o This is more similar to the reported values from NUREG/CR-6928.   

 
In NUREG/CR-7037 SVV is defined as, “Direct-acting (actuated only by pressure) valves 
that provide overpressure design protection and backup decay heat removal capability for 
the reactor coolant system and main steam system.”  SRV is not a term used for PWR 
overpressure protection in NUREG/CR-7037. 
 
The precise distribution is difficult to determine from the raw data documented in the 
NUREG/CRs because there are so few failures.  However, it is clear that valve failure data 
after numerous cycles are extremely rare (perhaps non-existent) primarily because events 
involving numerous, continuous valve cycling are not observed.  Consideration should be 
taken into whether the failure rate used to calculate the (low) probability of failure to reclose 
after a few cycles should be extrapolated to estimate the (higher) probability of failure after 
a large number of cycles.  
 
For consistency with the failure probabilities used for other SRV parameters, the per-
demand failure probability from NUREG/CR-6928 is used. This probability is described by a 
beta distribution with shape parameters α = 0.5 and β = 7394 (determined using the mean 
and α parameter). The distribution selection approach differs from the pressurizer SRV 
failure distributions because no real failure data exist for SVVs. 
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
SG SRV failure-to-open (FTO) was considered but was rejected.  While there are 15 total 
SRVs (5 per SG) and the probability of all 15 SRVs FTO before a single SRV FTC could be 
possible, the interplay between FTO vs FTC is considered for the pressurizer SRVs.  Thus, 
it was deemed unnecessary to consider this interplay for the secondary side SRV 
uncertainty.   
Graphic: (generic plot of the distribution)  
The beta distribution in Figure 1 is the per-demand failure probability to close from 
NUREG/CF-6928. The SOARCA value, taken to be the same as primary SRV FTC, is 
shown by the green circle and is seen to be conservative considering the new sampling 
methodology specific to secondary SRV FTC. Figure 2 shows the mean, 5th, 50th, and 95th 
percentile CDFs for number of valve cycles to failure created using the distribution from 
Figure 1. 
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Figure 1:  Cumulative distribution function of secondary safety relief valve per-demand 

failure probability to close  
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Figure 2:  Mean, 5th, 50th, and 95th percentile cumulative distribution functions of safety vent 

valve failure to close as a function of valve cycles 
References 
Surry response to SOARCA information request, August 9, 2007, Email from Gary Miller, Dominion to 
Robert Prato, NRC. 
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Parameter Name:   
Reactor Coolant Pump Seal Leakage/Failure (RCPSL) 

Type of 
Distribution: 

Discrete 
Technical Justification for the uncertainties:  Under normal operating conditions, 
cooling water is supplied to the reactor coolant pump (RCP) seals at a higher pressure than 
the primary.  As a result, the cooling water keeps the RCP seals cool while preventing any 
primary coolant to flow up the RCP shaft and contaminating areas outside the primary 
boundary.  When a loss of AC power occurs, the RCP seal cooling system no longer 
supplies cooling/seal water and as a result, primary coolant begins leaking along the RCP 
shaft through the mechanical seals at a 21 gpm per RCP flow rate for pressures near 
operating pressure.  As the primary system heats up, the mechanical seals begin to 
thermally degrade resulting in a higher leak rate estimated at 76 gpm, 182 gpm, or 480 
gpm per RCP as per NUREG-1953, Table 13. Whether the RCP leakage remains at 21 
gpm or increases to a higher leak rate is the basis for the uncertainty in this parameter, 
which is RCP leakage rate. Note that the leakage rates are given for steady state primary 
system pressure; as the pressure changes the model will adjust the leakage accordingly.  
 
Both the 21 gpm per RCP and 182 gpm per RCP leak rates were used in the SOARCA 
analysis.  The uncertainty in the flow rate of RCP seal leakage can potentially change the 
accident scenario by precluding failure of the SRVs, as observed in the SOARCA Surry 
STSBO, when the RCP seal leak rate increases above 21 gpm, the primary depressurizes 
at a sufficient rate that there is no longer a demand on the SRVs. 
Rationale for type of distribution:  RCP seal leakage will begin at 21 gpm per pump for 
all scenarios (NUREG/CR-4294).  For this work, the four discrete leak rates assumed in 
NUREG-1953, Table 13 occurring at 13 minutes are sampled. The probability of 
occurrence for each leak rate is also taken directly from Table 13 and is based on work 
done by the Westinghouse Owners Group [WCAP-15603]. While there will be a very limited 
number of realizations with enhanced leakage of 76 or 480 gpm/RCP there is no technical 
justification to adjust these probabilities.  
 
A summary of the leak rates, time of occurrences, and probabilities are given in the table 
below.  This allows for a realistic example of what can happen in some current PWR RCPs 
for a SBO according to a RCP leakage PRA model. 
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
None. 
Graphic: (generic plot of the distribution) 

Time = 0 min Time ≥ 13 min Probability
21 gpm/RCP 21 gpm/RCP 0.79 
21 gpm/RCP 76 gpm/RCP 0.01 
21 gpm/RCP 182 gpm/RCP 0.1975 
21 gpm/RCP 480 gpm/RCP 0.0025 

RCP Seal Leak Probabilities at Operating Pressure 
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Parameter Name:  
Steam Generator Tube Thickness 

Type of 
Distribution: 

Triangular 
Technical Justification for the uncertainties:  
An induced steam generator tube rupture (SGTR) is a very important accident scenario for 
a PWR as it creates a release path for radionuclides to bypass the containment building 
and be transported directly to the environment.  In the original SOARCA analysis, a 
thermally induced SGTR due to creep rupture was only predicted after prescribing a stuck-
open secondary SRV in the model and lowering the stress criterion on the tube. New 
modeling done for the UA work includes implementation of a single steam generator tube 
model which will be run concurrently with the full steam generator.  
 
Based on this model improvement it will now be possible to prescribe a temperature 
multiplier to the single tube, reflective of actual temperature distributions within a steam 
generator, while all other boundary conditions will match the full steam generator. This was 
impossible with the previous model and will make it more likely that a creep-induced SGTR 
will be predicted during some of the uncertainty realizations. Since a bypass release path 
has such a strong influence on the total environmental releases and consequences, it was 
necessary to sample the uncertainty associated with the likelihood of a SGTR occurring.  
 
Creep rupture depends on temperature and stress. Temperature is addressed using the 
single tube temperature multiplier, leaving stress. Traditionally in SGTR modeling, a direct 
multiplier is applied to the stress on the SG tubes but for the purposes of sampling, it was 
desirable to dig into the underlying physics of the stress. The calculation for circumferential 
or hoop stress (σΘ) includes differential pressure (P), tube radius (r), and tube wall 
thickness (t) according to the equation: 

 
Differential pressure across the tube is influenced both by accident conditions on the 
primary side and also by the failure of the secondary SRV which can lead to a 
depressurization of the secondary side. Tube radius can change if a tube balloons, 
however this would not occur until after there is already a small rupture. This leaves tube 
thickness as the parameter to sample that is directly related to the stress calculation. Since 
thickness is the sole denominator for stress, varying thickness is essentially the same as 
applying a stress multiplier, but the thickness itself can be more physically informed.  
 
Examination of SG tubes during outages has revealed thinning, which can be caused by 
corrosion, vibrational fretting and wearing, or a combination thereof. In fact, by 1996, over 
50% of the PWR units worldwide reported some occurrence of tube fretting and wear 
[NUREG/CR-6365, pg. 38]. Fretting at the Ginna reactor caused by foreign objects in the 
steam generator removed 84% of one tube’s wall thickness over 100mm of length, causing 
a “fish mouth” bursting of the tube [NUREG/CR-6365, pg. 55]. Additionally, outside 
diameter pitting and corrosion wastage can also lead to localized tube thinning. Pitting is 
generally thought to reduce thickness at 10% throughwall depth/cycle but can be as high 
as 50% [NUREG/CR-6365, pg. 58].  
 
The theoretical lower limit for the wall thickness is the thickness at which the yield strength 
of the material (Inconel 600) would be exceeded at steady state pressure and the design 
radius. This assumes that if there are no spontaneous SGTRs during steady state 
operation, the current hoop stress must be lower than the yield strength. A representative 
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yield strength of 45,000 psi for Inconel 600 is provided from the materials industry. The 
steady state pressures at Surry are 2210 psia on the primary side of the tubes and 784 
psia on the secondary side, giving a differential pressure of 1426 psi. From the Surry input 
deck, a single tube radius is 9.845 mm. This yields a lower limit for thickness of 0.312 mm 
according to the equation for hoop stress above. As the design thickness is 1.27 mm, this 
represents a throughwall reduction of 75% or a maximum multiplier to the stress calculation 
of 4.  
 
MacDonald, P.E., Shah, V.N., Ward, L.W., and Ellison, P.G., “Steam Generator Tube 
Failures”, NUREG/CR-6365, INEL-95/0383, 1996.  
Rational for type of distribution:   
The upper and lower bounds for thickness have been clearly defined, based on physical 
limits. There are two factors that prevent the use of a uniform distribution for thickness. 
First, since the majority of plants have observed flaws, a full-wall thickness should be 
weighted less than a damaged state. Second, because high damage tubes are often 
plugged or sheathed during inspections, the lower bound of the distribution should also be 
weighted less. This supports a triangular distribution, for which the symmetric midpoint 
would be at 0.791 mm.  
 
A literature search was conducted to find references to inform the mode of the distribution. 
Historically, tubes were removed from service when they were discovered to be at 60% of 
the original wall thickness, although the NRC staff believes the probability of detection of 
such tubes would be only 60% [NUREG-1740, pg. 30&33]. At Surry, 60% of the original 
tube thickness would be 0.762 mm. This report also contains a contention that “It is 
impossible to predict the state of degradation of the steam generator at the end of a cycle 
even if the state of degradation at the beginning of the cycle were well known” [NUREG-
1740, pg. 26]. This contention supports the inclusion of the theoretical lower limit as the 
bound of the distribution. A report on SCDAP/RELAP modeling of a SGTR stated that a 
stress multiplier of 3 was a conservative upper bound [NUREG/CR-6995, pg.6]. For our 
purposes, a stress multiplier of 3 would give a thickness range of 0.423-1.27 mm with a 
midpoint of 0.8465 mm. The 50% throughwall reduction from pitting mentioned above 
would give a thickness of 0.635 mm.   
 
Since values from the above sources do not provide a consensus on any most-likely value, 
but group around the distribution midpoint, the mode will be taken as the midpoint (0.791 
mm) of the triangular distribution between 0.312 and 1.27 mm. This mode is close to the 
historical removal criterion.  
 
This distribution represents the thickness of the most damaged tube in the steam generator 
since while it can be safely assumed that some tubes are in a damaged state, it cannot be 
assumed that all are. In reality, the most damaged tube may not fall into the hottest plume 
section where this effective stress multiplier would be applied. CFD analysis in NUREG 
1922 indicates that ~40% of SG tubes have hot-tube flow and that only 18 tubes are in the 
very hottest plume. However in the present analysis for conservatism it is assumed that the 
most damaged tube is in the hottest plume region. If this assumption results in a large 
number of SGTRs, this parameter will be revisited and the number of tubes in the hot 
plume will be more explicitly applied to the distribution.  
 
Advisory Committee on Reactor Safeguards, “Voltage-Based Alternative Repair Criteria”, 
NUREG-1740, 2001.  
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Fletcher, C.D., Et. al., “SCDAP/RELAP5 Thermal-Hydraulic Evaluations of the Potential for 
Containment Bypass During Extended Station Blackout Severe Accident Sequences in a 
Westinghouse Four-Loop PWR”, NUREG/CR-6995, 2010. 
 
 
Boyd, C.F. and Armstrong, K.W., “Computational Fluid Dynamics Analysis of Natural 
Circulation Flows in a Pressurized-Water Reactor Loop under Severe Accident Conditions”, 
NUREG-1922, 2010.  
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
The key parameters effecting creep rupture include the temperature of the tube, the 
differential pressure across the tube, the tube geometry (i.e., the wall thickness), and the 
thermal-mechanical creep rupture characteristics of the tube (i.e., dependent on the tube 
material).  The first two parameters are characterized by the progression of the accident, 
and made uncertain via multiple other sampled parameters, whereas the second two 
parameters are characterized by design and thermal-mechanical characteristics of the SG 
material.  The SG tube thickness is intended to be a surrogate for the last two parameters.  
Although the SG tube thickness is a SG design parameter, there is observational data that 
shows tube thinning is a wide-spread issue.  Furthermore, the thickness of the tube is 
inversely related to the hoop stress, which is a first-order parameter effecting the thermal-
mechanical creep rupture characteristics.  Alternatively, uncertainty could be sampled with 
the creep rupture correlation.  However, the variation in creep rupture correlation is small 
relative to variations in the hoop stress caused by tube thinning.  Consequently, variations 
in the tube thickness will be used to characterize uncertainty in tube creep rupture 
characteristics to specific temperature and differential pressure loads.   
 
There is also the option to include a set of correlations into MELCOR that calculate a direct 
stress multiplier based on tube cracking [Majumdar]. There is a strong basis for this method 
and it has been employed during NRC research in the past. However, the use of these 
correlations would introduce a new set of multiple uncertain parameters and would be 
much more difficult to incorporate into the MELCOR model. 
 
The wall thickness was chosen since it can act as a surrogate for all tube damage types 
because it is essentially a direct stress multiplier of 1-4 which captures well the range of the 
Majumdar correlations. Additionally, there is observational data that shows thinning of SG 
tubes is a wide-spread issue and the bounds of the uncertainty are physical limits. Finally, 
by definition the uncertainty range of this parameter can only increase the likelihood of a 
SGTR since the wall thickness will not be greater than the design thickness. 
 
Majumdar, S., Et al., “Failure Behavior of Internally Pressurized Flawed and Unflawed 
Steam Generator Tubing at High Temperature – Experiments and Comparison With Model 
Predictions”, NUREG/CR-6575, ANL-97/17, 1997. 
Graphic: (generic plot of the distribution) Triangular, Lower bound: 0.312 mm, Upper 
Bound: 1.27 mm, Mode: 0.791 
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Parameter Name:  
Normalized Temperature of the Hottest SG Tube 

Type of 
Distribution: 

Beta 
Technical Justification for the uncertainties:  
The NRC and industry have been studying SG tube ruptures for decades because of their 
importance in maintaining the reactor coolant system pressure boundary (e.g., see 
NUREG-1570 and NUREG/CR-6995).  In particular, a tube failure during a severe accident 
has the potential for radioactive release to the environment that bypasses containment.  At 
high temperature conditions during a severe accident, natural circulation flow patterns are 
established where high temperature gases from the core circulate into the hot leg and SG.  
The effectiveness of the high temperature gases to heat the SG tubes is an important 
factor in determining their failure.  The NRC and industry performed 1/7th-scale 
experimental tests to characterize the natural circulation flows between the vessel and the 
steam generator [Stewart, 1989; Stewart, 1993].  The tests were studied using 
computational fluid dynamics (CFD) techniques [NUREG-1781].  The CFD techniques were 
subsequently scaled to full plant geometry and severe accident conditions [NUREG-1922].  
In NUREG-1922, modeling parameters were developed to characterize the natural 
circulation for control volume codes.  Specific recommendations were developed for (a) the 
hot leg discharge coefficient, (b) the SG mixing fraction, (c) the ratio of the hot leg flow to 
the SG recirculation flow, (d) the percentage of tubes involved in up-flow versus the 
circulatory return flow ratio, (e) the bounding normalized temperature of the hottest tube, 
and (f) the hot and cold stream flow split into the surge line.  The CFD calculations included 
sensitivity studies to provide an estimate of the variation in these parameters under a 
variety of conditions and assumptions.  The following conclusions were drawn from the 
sensitivity studies. 
 

a. the hot leg discharge coefficient (a) remained relatively constant with maximum 
variations of less than 8 percent, 

b. the SG mixing fraction (b) was found to vary by only a few percent over the range of 
conditions considered,  

c. the recirculation ratio (c) is not sensitive to the secondary side temperature,  
d. the hot tube fraction (d) was difficult to predict with confidence because some of the 

tubes change direction.  However, the hottest tube region was not significantly 
affected by changes in the overall size and shape of the hot tube region,  

e. the normalized temperature of the hottest tube (e) is a significant parameter 
because it refers to the portion of the tube bundle where the thermal loading is most 
severe.  The sensitivity of this parameter to changes in the modeling parameters 
was significant.  

f. the tube bundle heat-transfer rate was found to impact the recirculation ratio in 
previous work.  However, the reasonable variations around best-estimate heat 
transfer conditions are well characterized by a recirculation ratio of 2.4. 
 

Based on these conclusions, the normalized temperature (Tn) of the hottest tube was 
selected as the most significant parameter for this uncertainty study. Additionally, the 
observed variation of Tn in the CFD calculations is partly due to variations in the 
recirculation ratio and the SG mixing fraction.  Hence, the variability in Tn is somewhat 
representative of the variability in the mixing and recirculation ratio parameters.  The 
normalized temperature is defined as below based on the parameters in the figure, 
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where 

 Normalized hot tube temperature 

 Hottest tube temperature 

 Hot leg hot stream temperature 

 Cold tube temperature 

Th and Tct will be calculated internally by MELCOR. By sampling the normalized hot tube 
temperature, the temperature of the hottest tube can be automatically calculated. This time-
dependent temperature would be imposed on a single-tube model which is a MELCOR 
model enhancement implemented for this project. The single tube, which represents the 
hottest tube or tubes in the real steam generator, would be where a SGTR would occur if 
conditions are reached. Therefore, this parameter is sampling on the temperature that will 
be used in the creep rupture equations.  

 
 
  
SGTR Severe Accident Working Group, “Risk Assessment of Severe Accident-Induced 
Steam Generator Tube Rupture,” NUREG-1570, U.S. Nuclear Regulatory Commission, 
March 1998. 
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C.D. Fletcher, R.M. Beaton, V. V. Palazov, and D.L. Caraher, and R.W. Shumway, 
“SCDAP/RELAP5 Thermal-Hydraulic Evaluations of the Potential for Containment Bypass 
During Extended Station Blackout Severe Accident Sequences in a Westinghouse Four-
Loop PWR,” Information Systems Laboratories, Inc., NUREG/CR-6995, March 2010. 
 
 
Stewart, W.A., Pieczynski, A.T., and Srinivar, V., "Natural Circulation Experiments for PWR 
Degraded Core Accidents," EPRI Report NP 6324 D, 1989. 
 
Stewart, W.A., Pieczynski, A.T., and Srinivar, V., "Natural Circulation Experiments for PWR 
High Pressure Accidents," EPRI Report TR 102815, 1993. 
 
C.F. Boyd, K. Hardesty, "CFD Analysis of 1/7th Scale Steam Generator Inlet Plenum 
Mixing During a PWR Severe Accident," NUREG-1781, U.S. Nuclear Regulatory 
Commission, October 2003. 
 
C.F. Boyd, K.W. Armstrong, "Computational Fluid Dynamics Analysis of Natural Circulation 
Flows in a Pressurized-Water Reactor Loop under Severe Accident Conditions," NUREG-
1922, U.S. Nuclear Regulatory Commission, March 2010. 
Rationale for type of distribution:  
NUREG-1922 evaluated the hottest tube temperatures in two manners.  First, the 
normalized temperature range was divided into 20 ranges (0.0-0.05 up to 0.95-1.0) and the 
fraction of tubes within each range was obtained for each of the 140 data sets in the base-
case prediction.  The data from the normalized temperature groupings ranged from 0.0 to 
0.7.  The data in the upper 3 ranges (i.e., 0.55-6, 0.6-65, and 0.65-0.7) represented less 
than a single tube in the CFD model and were considered insignificant.  At the peak 
normalized temperature results that represent more than a single tube, an average of 0.6% 
of the tubes fall into the temperature range from 0.5-0.55. This represented 2 tubes in the 
CFD model or 18 tubes in a full-scale steam generator that has 3,388 tubes. However, the 
location of the two tubes in this range varied with time.    
 
As an alternate method, the hottest tubes were considered individually.  A mass-weighted, 
average normalized temperature was determined for each tube in the model. The single 
hottest tube over the 140 data sets was described with a normal distribution with a mean of 
0.43 and standard deviation of 0.1. Next, the data was broken down into 7 groups 
containing 20 data sets each, which yielded 7 averaged normalized temperature 
predictions ranging from 0.38 to 0.51.  The author notes that these predictions may slightly 
under predict the prototypical hottest temperature due to the enlarged size of the tubes 
(i.e., the CFD model uses one tube to represent nine prototypical tubes) but that the impact 
is expected to be small.   
 
Recognizing the uncertainty in CFD and the identified conservatism (i.e., one CFD tube 
corresponds to 9 tubes), a CDF was created that includes data from both methodologies.  
The engineering judgment for this UA distribution gives 90% confidence to the 7 averaged 
normalized temperatures recommended for use by NUREG-1922. This means that the 7 
points were ordered by increasing temperature and equally spaced (since they represent 
equally considered data sets) from 0.0 to 0.9 on the CDF. Recognizing that the original 
CFD data set that reported the peak temperature at any tube had three data sets with 
higher normalized tube temperatures than the specific tube method but very low reliability, 
these three data values (taking the midpoint of each bin) were included in the UA 
uncertainty distribution but were only weighted with a 10% confidence.  This means the 
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three highest normalized temperatures are used to draw the CDF from 0.9 to 1.0. Instead 
of being equally spaced, the maximum tube data was also weighted by relative frequency 
of occurrence (e.g., the data in the 0.6-0.65 interval only occurred 0.16% of the time). 
 
Because the original seven data points were from a normal distribution, and additional 
points were only added at higher normal temperatures and not symmetrically, the new 
discrete CDF could not be fit with a normal distribution for sampling. Instead, the 10 
discrete points comprising the new CDF were fit with a beta distribution that has 
parameters of α=43.7 and β=54.9. The lower and upper bounds were taken to be the 
physical limits of 0.0 and 1.0 although almost all samples will be in the 0.3-0.7 range.  
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
As summarized above, various related parameters were considered.  However, the 
normalized hottest tube temperature was found to be the parameter with the most 
uncertainty and greatest impact.  
 
Since the calculation for the hottest tube temperature is dependent on the hot stream and 
cold tube temperatures, it is higher affected by any other parameters that influence the 
natural circulation and countercurrent flow in the steam generator. For example, RCP seal 
leakage can depressurize the primary system loops, reducing the amount of recirculation.  
Graphic: (generic plot of the distribution) 

A beta distribution was fit to this CDF created using 10 discrete data points. This 
distribution has the parameters: LB = 0.0, UB = 1.0, α = 43.7, β = 54.9.  
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Parameter Name:  
Zircaloy melt breakout temperature (SC1131(2)) 

Type of 
Distribution: 

Binomial 
Technical Justification for the uncertainties:  
As fuel rod temperatures rise during a severe accident, Zircaloy cladding reacts with steam 
to form outer oxide shells. The oxide shells have a high melting temperature relative to that 
of unoxidized cladding and, as evidenced in the Phebus experiments, can maintain fuel 
geometry as Zircaloy interior to the shell melted and drained away. This Zircaloy melt 
breakout temperature represents the uncertain properties that determine the conditions at 
which the ZrO2 shell releases underlying molten Zircaloy, which can occur by two reasons 
both captured by this parameter. First, the outer oxide shell can crack due to physical 
stresses from the extreme environment, and second the molten Zircaloy can chemically 
reduce the oxide leading to localized failures. 
 
The breakout temperature initiates the downward drainage of molten Zircaloy on a ring and 
axial level basis in the MELCOR simulation, and can act in terminating or decreasing 
oxidation reaction rates in the originating core cell. Previous SNL studies [1,2] determined 
that at the "breakout temperature" oxidizing molten Zircaloy is relocated to cooler regions at 
a time when the oxidation rate is at its peak value. Fuel temperatures are increasing rapidly 
(~10K/s) at this time, hydrogen generation rate is locally at a maximum, and fission product 
release rates are large. The relocation of the oxidizing melt has the effect of terminating the 
intense local fuel heating, since the chemical heating source has relocated to a cooler 
region of the vessel. This should affect release rate for volatile fission products and total 
localized releases of low-volatile species.  
 
[1] R.O. Gauntt, N. Bixler, and K.C. Wagner, "An Uncertainty Analysis of the Hydrogen 
Source Term for a Station Blackout Accident in Sequoyah Using MELCOR 1.8.5 (Draft For 
Review)," Sandia National Laboratories, Albuquerque, NM, 2003. 
[2] U.S. NRC, “State-of-the-Art Reactor Consequence Analyses Project, Uncertainty 
Analysis of the Unmitigated Long-Term Station Blackout of the Peach Bottom Atomic 
Power Station,” NUREG/CR-7155, DRAFT REPORT (SAND2012-10702P), 2012. 
 
Rationale for type of distribution:  
This distribution is created by Bayesian Updating the Peach Bottom Zircaloy Melt Breakout 
Temperature (prior distribution) with the S/Q simulation results1 provided in Table 1. A 
binomial likelihood function was used to update a scaled version of the prior distribution 
and then rescale the posterior distribution to the appropriate range.  
 
Table 1 – Zircaloy Melt Breakthrough Temperature Estimates from S/Q simulations of two 
ZrO2 failure modes.    
Failure Mode Temperature Assigned Weight 

#1-Surface stress exceeds the flexural limits. 2393 K 0.5 

#1-Surface stress exceeds the flexural limits. 2223 K 0.5 

#2- Oxide shell erodes and is too thin 2372 K 1 

 
The prior distribution was defined as a Triangular distribution. The lower bound value is the 
Zircaloy melting temperature of 2100 K. The value of 2100 K also corresponds to fragile 
outer oxide shells that are incapable of retaining molten Zircaloy. The upper value of 2540 
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K, was selected in the original hydrogen uncertainty study1 based on fuel rod failure in 15 
minutes using the time at temperature model (precluding failure by Zircaloy breakout), 
which is turn is based on qualitative consideration of the alpha-Zr(O) phase diagram and 
observations/analyses of the Phebus experiments. The mode is 2400K, the value used in 
the deterministic SOARCA analysis and the default MELCOR value because it allows for 
holdup by Zircaloy oxide but not by steel oxide. The selection of a triangular distribution 
suggests that a most probable value for the uncertain parameter is recommended (mode), 
with decreasing likelihood for values away from the most probable.  
 
Two simulations were conducted for the failure mode #1 to show variability due to pellet 
diameter uncertainties, based on the fact that pellet have differential thermal expansion 
during reactor operation. During the updating process, the two failure modes were 
assigned equal weight and the two variability simulation results were assigned equal 
weight. To ensure that the weights are additive in the product likelihood function, the 
updating equation shown in Eq. I was used.   
   

|
1

 
Eq.1 

In Eq. 1,  represents the state of knowledge of the values for SC1131(2) without 
simulation estimates, |  represents the state of knowledge for SC1131(2) given 
the estimates in Table 1,  is the likelihood that if the actual value for SC1131(2) 
was Temp, the ith evidence ( ) would be observed,  is the weight of the ith evidence as 
defined in Table 1, and c is a normalization constant. The likelihood function was assumed 
to be proportional to the binomial function if the evidence was transformed to fall within 0 to 
1, given zero represented the lower bound of the distribution (2100K) and one represents 
the upper bound of the distribution (2540K).  
 
Because the MELCOR uncertainty engine cannot sample from user specified distributions, 
a maximum likelihood estimate fit (Beta distribution) of the posterior distribution was 
sampled. The shape parameters of that distribution are α = 3.83 and β = 3.0 with upper and 
lower bounds set the same as the prior triangular distribution [2100.0, 2540.0]. 
 
1 P. Hofmann et al., “ZrO2 Dissolution by Molten Zircaloy and Cladding Oxide Shell Failure. 
New Experimental Results and Modeling,” Wissenschaftliche Berechte, INV-CIT(98)-P026, 
December 1999. 

Were similar or related parameters considered and rejected. If not, should we? If so, 
why? 
This parameter is a carryover from the Peach Bottom Uncertainty Analysis, and it showed 
importance in the analysis. Intuitively, it is suspected that molten Zircaloy breakout must 
occur before ZrO2 and UO2 eutectic reactions (and other chemical reactions) cause local 
fuel failure, which is supported by experimental observations of fuel oxidation and failure. 
This “eutectic” reaction temperature is another uncertain parameter in this work and 
correlation between the two was considered. However it was calculated with the 
distributions for the two parameters, Zircaloy breakout would occur before fuel failure by 
eutectic reactions 85% of the time. By not correlating the two parameters, the sequence of 
events that is intuitively expected and experimentally supported will occur the majority of 
the time but some samples will allow for the exploration of the alternative scenario.   
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Graphic: (generic plot of the distribution) 

Figure 1 – Zircaloy Melt Breakout Temperature Cumulative Distributions: Blue – Prior 
Triangular Distribution. Green – Bayesian Updated Posterior Distribution. Red – Beta Fit of 
the Posterior Distribution.  The Dashed Orange line shows the original SOARCA estimate. 
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Parameter Name:  
Effective temperature of the eutectic reaction of ZrO2 and UO2 

(ZRO2UO2) 

Type of 
Distribution: 

Normal 
Technical Justification for the uncertainties:  
This uncertain parameter samples the temperature at which a eutectic reaction1 between 
ZrO2 in the cladding and UO2 (and fission products) in the fuel causes the liquefaction and 
relocation of fuel rods. By including the temperature of the eutectic reaction between ZrO2 
and UO2 as a sampled parameter, we are attempting to represent general fuel failure 
behavior of a complex non-equilibrium multi-component system by simplifying down to one 
reaction which can cause failure. There are other failure mechanisms and possible eutectic 
reactions between core materials, as will be described in more detail in the related 
parameters section.  
 
The binary phase diagram for ZrO2/UO2 suggests the melting point for equilibrium 
conditions is approximately 2800 K for a 50/50 molar mixture–hence this was the historical 
MELCOR default value. Any liquefaction below this temperature accounts the effect of 
molten Zircaloy metal or alpha-Zr(O) “wetting” the oxide surfaces. Observations of the 
Phebus and VERCORS experiments suggest that irradiated fuel and oxidized cladding 
exhibit eutectic liquefaction at significantly lower temperatures; thus the MELCOR default 
was subsequently modified to 2500 K. Following significant local cladding oxidation, the 
effective liquefaction of ZrO2 and UO2 mixtures results in local rod collapse as molten 
material, as opposed to rubblized debris. The parameter treatment in the Surry UA aims to 
approximate the combined uncertainties associated with burnup, eutectic composition, 
material properties, and non-equilibrium effects on ZrO2/UO2 eutectic reactions. 
 
The fuel melt associated with this parameter is a localized effect. This means that 
MELCOR evaluates the temperature independently for each core cell and allows the fuel in 
that specific cell to melt when it reaches a failure temperature, such as the eutectic 
temperature. Thus, the entire core will not fail at once when the hottest region reaches the 
sampled temperature. It is possible that melting of a core cell can cause the subsequent 
failure of fuel above in the same radial ring that was previously supported by the failed cell. 
However, this is a physical effect and still only affects a section of a single ring, keeping it a 
localized effect.  
 
Currently, eutectic reactions are approximated by user-modification of melting and failure 
temperatures in model input. Thus, to effectively represent this temperature, the user must 
modify:  

1. The sensitivity coefficient SC1132(1), which defines the cladding temperature 
resulting in rods collapse without Zr-metal cladding remaining, and  

2. The melting temperatures of both UO2 and ZrO2 in the input deck (MP_PRC 
records). 

 
1 It should be noted that the pure UO2/ZrO2 system has only a melting point, not a eutectic 
point. High burnup pins have complex intermetallic effects which are referred to as eutectic 
reactions in the VERCORS experiments and the MELCOR users guide. This nomenclature 
is maintained for this analysis.   
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Rationale for type of distribution:  
Six experimental data points for eutectic induced core collapse are readily available from 
the VERCORS experiments to help inform the uncertainty distribution1:   

Test Collapse 
Temperature (K)

T1 2525 
HT1 2550 
HT2 2400 
HT3 2525 
V_6 2525 
RT6 2350 

Mean 2479 
Standard 
Deviation

83 

In selecting this experimental data, observed core slump is projected to a eutectic reaction. 
This was strongly indicated by the test results but cannot be definitively confirmed due to a 
lack of needed instrumentation.  
 
The selection of a specific distribution is complicated by the lack of detailed experimental 
data over ranges of severe accident conditions and reactor operation (e.g. high burnup). 
While the VERCOR testing matrix does not provide randomly distributed evidence of 
eutectic formation temperatures, these tests do provide a range of temperatures over which 
eutectics were significant enough to cause core collapse. A normal distribution fitted to the 
data in the table above was used to assess uncertainty in the average core collapse 
temperature for higher burnup fuel. The simple parameter treatment is not intended to 
rigorously quantify eutectic effects on severe accidents and core degradation– such 
treatment is impossible when the MELCOR eutectic model is not activated. Rather, the 
proposed treatment roughly evaluates the influences that the physical state of the core 
debris has on core degradation kinetics and subsequent severe accident progression. A 
lower temperature for this parameter results in an increased generation of molten pools in 
the RPV during core disassembly. Alternatively, a higher temperature for this parameter 
results in a decreased generation of molten pool formation for ZrO2 and UO2 debris. The 
relocation and cooling of molten pools after formation are treated by several other models 
and parametric inputs in the code; hence the eutectic parameter only affects the initial 
creation of molten pools for ZrO2 and UO2 immediately upon rod collapse. 

Even though the testing data was derived from independent, identical tests, a normal 
distribution was fitted to the VERCORS in order to describe the general range of potential 
collapse temperatures from VERCORS given varying environmental conditions. This 
normal distribution has a mean of 2479K and a standard deviation of 83. A lower bound of 
2200 was placed on the distribution to prevent significant eutectics from occurring before 
cladding oxidation and because this was the temperature at which the VERCORS test pins 
were raised to before a systematic temperature was applied to induce fuel collapse. An 
upper bound was placed on the distribution at 2800 K for the 50/50 molar mixture melting 
temperature of UO2/ZrO2. Even left unbounded, the probability of sampling beyond these 
bounds is effectively de minimis, thus the bounds should not affect the results of the UA. 

                                                 
1 From Y. Pontillon, et al., “Lessons learnt from VERCORS tests. Study of the active role played by UO2–ZrO2–
FP interactions on irradiated fuel collapse temperature,” Journal of Nuclear Materials 344, pp. 265–273 (2005). 
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Were similar or related parameters considered and rejected. If not, should we? If so, 
why? 
As shown in Figure 5 below, there may be a correlation between fuel collapse temperature 
and burn-up, which is in turn related to the time-at-cycle parameter. Therefore there is the 
potential that the two parameters could be correlated. However, in the figure there is a 
large gap between fresh fuel and high burn-up. Because there is a lack of knowledge on 
how failure temperature may change in this range, it was decided not to consider any 
correlation between burn-up and this parameter.  
 
The other sensitivity coefficient on the SC1132 array is not treated in the UA. SC1132(2) is 
the temperature at which the local COR cell collapses based solely on fuel temperature, no 
matter the condition of the cladding. The MELCOR default value for SC1132(2) is the 
melting temperature of UO2, which is about 3100 K. Rod collapse due to other reasons 
such as cladding oxidation, loss of Zr metal, time-at-temperature, or due to high cladding 
temperature tends to preclude intact fuel from reaching 3100 K. Further, the UO2 melting 
temperature, which is a separate input from SC1132(2), is matched to the chosen value for 
the ZrO2/UO2 eutectic; this also acts to prevent higher intact fuel temperatures up to the 
SC1132(2) value. 
 
As mentioned, there exists considerable overlap in this parameter and other core 
degradation models and parameters. For example, the time-at-temperature model (which 
was included in the Peach Bottom uncertainty analysis) contains both (1) temperatures and 
(2) time-to-failure values that reflect the tendency of rods to collapse once oxidized 
cladding temperatures approach the ZrO2/UO2 eutectic temperature. It was instituted in the 
original SOARCA analysis to prevent cliff-edge effects, where fuel or cladding temperatures 
do not quite reach a failure criterion and thus non-physically stay in place for hours. The 
main difference between SC1132(1) and the time-at-temperature model is whether the fuel 
will be molten or rubble upon failing. However, since the failed fuel will likely be temporarily 
held-up in a cooler region of the core, this difference has a minimal effect. What impact the 
accident sequence more is whether large molten pools appear later in the accident 
progression which depends on the effective eutectic temperature, since it also modifies the 
MP_PRC records that specify material melting temperatures for UO2 and ZrO2. The 
sampling of effective eutectic temperature allows for the variation of fuel failure time and 
formation of large molten pools and there was a strong experimental basis for the 
uncertainty. This is why it was selected to be the uncertain parameter in this study as 
opposed to varying the time-at-temperature model which was done for Peach Bottom. The 
original time-at-temperature model remains in the Surry deck to prevent the type of cliff-
edge effects described earlier. 
 
There are other eutectic reactions of importance for PWR severe accidents that are treated 
as constant in the Surry UA, or not modeled by MELCOR. Some examples include: 

1. Dissolution of UO2 into the metallic Zr melt (for a U-Zr-O mixture) during early 
cladding melting and candling; this occurs near the Zircaloy melting temperature 
around 2100 K. This dissolution process is simulated in SOARCA by assuming 0.2 
kg of UO2 (via COR_CMT) is dissolved for every 1 kg of Zr melt generated by the 
candling process. 

2. Eutectic reaction between Zircaloy cladding and Inconel grid spacers starting 
around 1200 K, which may lead to early collapse of fuel assemblies. With the 
eutectics model deactivated, this reaction is not accounted for by default in 
MELCOR–hence it is not treated in the Surry model. Even so, modern PWR fuel 
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assemblies do not generally use Inconel grid spacers throughout the entire length of 
the core due to neutronic and materials issues (e.g. corrosion, irradiation growth, 
grid-rod fretting) associated with higher burnup operation. Instead, the grid spacers 
in the center regions of the core, i.e. the intermediate spacers, are Zircaloy or an 
advanced zirconium alloy (Zirlo or M5, which are treated as Zircaloy in MELCOR). 
Grid spacers at the ends of the assemblies are generally still Inconel for increased 
mechanical support. The Surry SOARCA model used Inconel spacers throughout 
the entire core based on older fuel assembly designs. For the Surry UA, the 
intermediate grid spacers are now assumed to be Zircaloy to reflect modern PWR 
fuel designs, and the spacers at the ends of the assemblies remain as Inconel. 
Eutectic reactions for the Inconel spacers are still neglected, but cladding 
temperatures near the end spacers at the bottom of the core do not greatly exceed 
the 1200 K eutectic temperature until significant rod collapse has already occurred 
in the upper core. Neglecting the Zircaloy-Inconel eutectic reaction is therefore a 
reasonable assumption for the Surry UA.  

3. Eutectic reactions that can cause early failure of control rods and guide tube 
structures. These include reactions between Zircaloy guide tubes and control rod 
steel cladding (starts near 1200 K), and between Zircaloy and Ag-In-Cd control 
material (starts near 1470 K). The melting point of Ag-In-Cd is around 1070 K, but 
control rod failure in MELCOR is not assumed until control rod cladding failure due 
to steel melting or eutectic reaction. 

Graphic: (generic plot of the distribution) 

The CDF is a normal distribution of the test data from Y. Pontillon, et al. The star 
represents the 2800 K value used in SOARCA. Note that while the MELCOR default is 
2500 K, SOARCA incorporated the time-at-temperature model that also reflects the 
ZrO2/UO2 eutectic formation near 2500 K; thus the SOARCA models specified 2800 K for 
SC1131(1), which modifies the collapse criterion based on ZrO2 temperature (with no local 
metal Zr cladding remaining), and the MP_PRC records that specify the melting 
temperatures for pure ZrO2 and UO2 to characterize eutectic liquefaction. 
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From Y. Pontillon, et al., “Lessons learnt from VERCORS tests. Study of the active role 
played by UO2–ZrO2–FP interactions on irradiated fuel collapse temperature,” Journal of 
Nuclear Materials 344, pp. 265–273 (2005). 
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Parameter Name:  
Maximum molten pool drainage rate (SC1141(2)) 

Type of 
Distribution: 
Log-triangle 

Technical Justification for the uncertainties:  
The rate of molten material relocation following rupture through a flow blockage (or oxide 
crust) is an uncertain input in MELCOR that influences the in-vessel accident calculations. 
The MELCOR sensitivity coefficient associated with this parameter is SC1141, and it is 
used to control the candling model when molten material has just been released after 
holdup by a flow blockage or oxide crust. For these cases, the assumption built into the 
candling model of constant generation of melt over the timestep is no longer valid. Behavior 
of the model related to the amounts of mass refrozen in lower core cells would thus be 
highly dependent on the size of the current timestep. Therefore, for those situations 
involving the sudden release of a large mass of molten material built up over perhaps 
several previous timesteps, application of the candling model is modified slightly. In order 
to eliminate dependencies on molten pool mass and timestep size, SC1141(1) is a 
constant timestep used for the breach of an oxide shell, while SC1141(2) is the maximum 
flow rate (per unit surface width) of the molten pool after breakthrough of a flow blockage 
which is used to calculate a timestep according to: 
 

 
Where ∆tcontact is the timestep used after failure of a flow blockage holding up a molten pool, 

∆t is the nominal MELCOR timestep, is the maximum flow rate, Mm is the mass of 
molten material, ∆z is axial cell height and As is the surface area available for flow.  
 

In other words, a large molten pool is allowed to discharge at a maximum rate of , 
and the amount refreezing onto structures below (candling) will be a linear function of the 
total mass of the pool. This effect can be visualized as the melt pool moving axially down a 
fuel rod in the open space between 4 closest fuel rods in the square assembly lattice.  
 
The release timestep and the maximum melt flow rate affect subsequent code calculations 
for heat transfer, refreezing, core degradation kinetics, and overall in-vessel accident 
progression.  
 
Rationale for type of distribution:  
A log triangular distribution is used for SC1141(2) with a mode of 0.2 kg/m-s and 0.1 and 
2.0 kg/m-s respectively for the lower and upper bounds. The mode of 0.2 kg/m-s is the 
current MELCOR best practice and was used in the deterministic SOARCA analysis. It was 
determined by observing video of the CORA-13 experiment showing movement of molten 
material following the breakthrough of a flow blockage and calculating the flow rate. There 
is no solid technical basis to inform the bounds of the distribution, making the uncertainty of 
the parameter more of an exploratory study. For an exploratory study an approximate order 
of magnitude uncertainty range is desirable because it allows for the investigation of a large 
amount of uncertainty without representing a level of knowledge about the physical bounds 
that does not exist.  
 
The selection of a log-triangular distribution suggests that a most probable value for the 
uncertain parameter is recommended (mode), with decreasing likelihood for values away 
from the most probable. A basic triangular distribution would give too much weight to 
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sampling near the bounds. Since the parameter represents the maximum possible flow rate 
it is more beneficial to sample larger values since some smaller values may occur naturally 
during the MELCOR runs. Additionally, the historical default value for MELCOR was 1 
kg/m-s and it is beneficial to analyze some runs at and above this value. Because of these 
two reasons and the desire to have an approximate order of magnitude range, an upper 
limit of 2.0 kg/m-s and lower limit of 0.1 kg/m-s were selected. This selection gives 
approximately 10% of samples above the previous default of 1 kg/m-s while keeping the 
majority of samples near the mode. 
Were similar or related parameters considered and rejected. If not, should we? If so, 
why? 
The corresponding timestep size following rupture through an oxide shell is not considered. 
Although it is also an uncertain parameter that affects subsequent code calculations, only 
the variation of the maximum molten pool flow rate after breach of a blockage is considered 
in the Surry UA. The maximum molten pool drainage rate parameter is a carryover from the 
Peach Bottom Uncertainty Analysis.  
Graphic: (generic plot of the distribution) 
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Parameter Name:  
Radial Molten Debris Relocation Time Constant (RDMTC) 

Type of 
Distribution: 

Uniform  
Technical Justification for the uncertainties:  
This parameter samples the uncertainty associated with the time constant used to calculate 
the radial relocation of molten debris. Although many experiments exist to inform axial fuel 
relocation, there is a decided lack of data available to inform radial relocation. The main 
reason for this is because the test facilities, such as Phebus and CORA, were too small in 
scale to really observe the effects of radial relocation. The MELCOR default for the radial 
relocation time constant (60 s), which was used for SOARCA, was chosen as “an order-of-
magnitude value based on engineering judgment and the recommendations of code users” 
(from the MELCOR Reference Manual). Therefore, to determine the importance of this 
parameter, it was decided to use an order of magnitude range as the uncertainty range. 
Thus, the inclusion of this parameter is really to “see what happens” when it is varied. 
Expert judgment is that the values used bound reasonable behavior of leveling of partly 
molten two-phase or fully molten debris.  
Rational for type of distribution:   
A uniform distribution was chosen since, although there is a MELCOR default which was 
used for SOARCA, there is no reason to believe the default is the central tendency of a 
distribution as would be indicated by using it as the mode of something like a triangle or 
log-triangle distribution. However, some credit is given to the reference manual, particularly 
in the choice of seconds as the base time unit and the use of “order-of-magnitude value”. 
Therefore the upper and lower bounds of the uniform distribution are set to encompass a 
single order of magnitude range in the chosen units, i.e. 10 seconds to 100 seconds. 
Additionally, the bounds of the distribution are set such that RDMTC will never be greater 
than RDSTC.  
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
The relocation time constant is used as a surrogate for the broad uncertainty of debris 
relocation rate into water in the lower head. This is only one of a few MELCOR parameters 
which can be modified to influence large scale movement, but since there is no stronger 
technical justification for uncertainty in those other parameters, this was the one chosen. 
These parameters also influence axial debris relocation.   
Graphic: (generic plot of the distribution) RDMTC: LB = 10s, UB = 100s 
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Additional Notes: 

One ACRS comment from the Peach Bottom UA review was to include the description of 
how MELCOR moves debris, and so from Pg. COR-RM-123-124 of the reference manual: 

The code loops over all adjacent pairs of radial rings between which relocation is 
possible and compares the calculated liquid level in the two. If unequal, then the 
volume of molten material Veq that would balance the levels is calculated. The 
actual volume relocated during a time-step depends on Veq, the timestep, and the 
relocation rate time constant. If the stratified molten pool model is active, leveling in 
performed for each component. Relocation is always directed inward preferentially. 
Once molten pools are relocated, solid debris is also leveled and can displace a 
molten pool, which will then backfill. In the lower head, volume of debris spreading 
is limited to represent a crust of refrozen material on the vessel surface. 
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Parameter Name:  
Radial Solid Debris Relocation Time Constant (RDSTC) 

Type of 
Distribution: 

Uniform  
Technical Justification for the uncertainties:  
This parameter samples the uncertainty associated with the time constant used to calculate 
the radial relocation of solid debris. Although many experiments exist to inform axial fuel 
relocation, there is a decided lack of data available to inform radial debris relocation. The 
main reason for this is because the test facilities, such as Phebus and CORA, were too 
small in scale to really observe the effects of radial relocation. The MELCOR default for 
radial relocation (360 s), which was used for SOARCA, was chosen as “an order-of-
magnitude value based on engineering judgment and the recommendations of code users” 
(from the MELCOR Reference Manual). Therefore, to determine the importance of this 
parameter, it was decided to use an order of magnitude range as the uncertainty range. 
Thus, the inclusion of this parameter is really to “see what happens” when it is varied. 
Expert judgment is that the values used bound reasonable behavior of leveling of solid 
debris.  
Rational for type of distribution:   
A uniform distribution was chosen since, although there is a MELCOR default which was 
used for SOARCA, there is no reason to believe the default is the central tendency of a 
distribution as would be indicated by using it as the mode of something like a triangle or 
log-triangle distribution. However, some credit is given to the reference manual, particularly 
in the choice of seconds as the unit and the use of “order-of-magnitude value”. Therefore 
the upper and lower bounds of the uniform distribution are set to encompass a single order 
of magnitude range in the chosen units, i.e. 100 seconds to 1,000 seconds. Additionally, 
the bounds of the distribution are set such that RDSTC will never be less than RDMTC. 
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
The relocation time constant is used as a surrogate for the broad uncertainty of debris 
relocation rate into water in the lower head. This is only one of a few MELCOR parameters 
which can be modified to influence large scale movement, but since there is no stronger 
technical justification for uncertainty in those other parameters, this was the one chosen. 
These parameters also influence axial debris relocation.   
Graphic: (generic plot of the distribution) RDSTC: LB = 100s, UB = 1000s 
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Additional Notes: 

One ACRS comment from the Peach Bottom UA review was to include the description of 
how MELCOR moves debris, and so from Pg. COR-RM-135 of the reference manual: 

The code loops over all adjacent pairs of radial rings between which relocation is 
possible and compares the calculated debris heights in the two. If unequal, then the 
volume of solid material Veq that would balance the levels is calculated. Solid 
debris is only allowed to move from the deep ring to the shallow ring. The actual 
volume relocated during a time-step depends on Veq, the timestep, and the 
relocation rate time constant. Once moved, solid debris can displace a molten pool 
in the new ring. In the lower head, volume of debris spreading is limited to represent 
a crust of refrozen material on the vessel surface. 
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Parameter Name:   
Decay power and inventory (RNDCH) 

Type of 
Distribution: 

Uniform-discrete 
sampling of pre-
generated data 

Technical Justification for the uncertainties:  
The radionuclide inventory and decay power generated in the fuel are the principal safety 
problems of any severe accident that assumes successful reactor shutdown. In sampling 
the uncertainty associated with this, a two-pronged approach is used. First, a pointer 
variable is used to sample time-at-cycle, which indicates the use of a particular pre-created 
radionuclide inventory and base decay power curve. Second, the uncertainty in the base 
decay power curve is sampled using the methodology described below.  
 
For a particular reactor design, operation history, and core loading, modern codes (dubbed 
burnup/depletion codes) such as ORIGEN-S can calculate radionuclide inventories and 
decay power for a particular point in time with relatively low uncertainty–at least relative to 
typical uncertainties in other severe accident boundary conditions. That said, past severe 
accident research has observed considerable variation in accident progression and 
releases attributable to relatively minor changes in decay power.1 Furthermore, in 
conjunction with significant additional uncertainties associated with variability in reactor 
operation (e.g. time of scram in the cycle),  the associated variation in the decay power and 
radionuclide inventory input for MELCOR and MACCS can have a first-order impact on key 
severe accident signatures such as H2/CO generation, radionuclide release fractions and 
environmental source terms, and event timing. 
 
For a given set of reactor conditions the uncertainty in the decay power soon after 
shutdown may vary between 1-10% from the base decay heat curve according to the 
“Decay Heat Power in Light Water Reactor” standard (ANS-5.1-2005), which considers the 
decay heat of fission products, U-239, and Np-239 for LWRs that predominantly involve 
fission of U-235, U-238, and plutonium isotopes; uncertainties vary with time after 
shutdown, among other factors. The uncertainty is based on one standard deviation of a 
normal distribution. An ORIGEN-S calculation with modern cross-section data is more 
aligned with the ‘best-estimate’ approach of SOARCA, and the uncertainties inherent to the 
code’s computational methods and approximations are likely less than that of the ANS 
standard. Nonetheless, the ANS standard provides for readily available quantification of 
uncertainty in the decay power after shutdown, which would otherwise require random 
sampling and analysis of uncertain ORIGEN-S inputs (namely nuclear data)–this is outside 
the scope of the Surry UA. 
 
Uncertainty in decay heat will therefore be treated using a combined approach with 
ORIGEN-S and the ANS standard: ORIGEN-S is used to calculate consistent decay heat 
and inventory information for a few sets of reactor conditions, i.e. the time of scram in the 
last operating cycle, while uncertainty within each decay heat curve will be derived from 
ANS-5.1-2005. The uncertainties derived from the ANS standard principally reflect the 
uncertainties in nuclear decay data for short-lived nuclides. From the ORIGEN-S 
calculations, fractional fission powers of important actinides (U-235, U-238, Pu-239, Pu-
241) over the previous cycle can be extracted. Using these nuclide specific fission power 
levels, the time-dependent uncertainties in percentage of total decay heat power can be 
calculated using the methods described in Section 3 of ANS-5.1-2005. Surry reactor 
operating data from cycles 18, 19, and 20 is used as input for ORIGEN-S and Automatic 
Rapid Processing (ARP for burnup-dependent cross sections, supplied via the TRITON 
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sequence) within the SCALE6.1.3 code package, along with state-of-the-art ENDF/B-VII.1 
nuclear data. Three sets of decay heat and inventory information are generated for BOC, 
MOC, and EOC of cycle 20 at Surry.  The uncertainties informed via the ANS standard are 
then applied to ORIGEN-S generated decay heat curves. Hence, two quantities are 
sampled for an integrated approach to the decay heat and inventory uncertain parameter: a 
uniform-discrete distribution over the three predetermined times of shutdown in cycle 20 
(BOC, MOC, EOC), which varies both decay heat and inventory, along with an unbiased 
Monte Carlo sampling of decay heat uncertainty (informed by the ANS standard) at each 
point in time.  
 
Varying the decay heat and inventory entails a large amount of data reduction and input 
generation for MELCOR and MACCS. Fortunately, SNL developed a highly automated and 
efficient approach in support of similar efforts for Fukushima-related research. Using plant-
specific data, ORIGEN-S/ARP rapidly calculates decay heat and inventory, while SNL post-
processing tool directly generate consistent MELCOR inputs of decay heat and lumped 
RN-class inventories (including class specific decay heats), along with consistent nuclide-
detail input for MACCS. Hence, incorporating this method into the Surry UA requires 
insignificant CPU and development time, and provides a technically defensible approach to 
decay heat and inventory uncertainty. 
 
1SNL research: SAND2012-6173, SAND2013-8324, SAND2013-2514, SAND2012-5866C, 
SAND2013-6886J  
 
Rational for type of distribution:   
The timing of the accident initiator relative to the last operating cycle (assumed to be cycle 
20) is treated as inherently random; thus the first tier of the distribution involves uniform 
sampling of the time of reactor shutdown for three pre-chosen times: BOC, MOC, and 
EOC. This provides three unique sets of inventories and base decay heat curves. The 
second tier involves unbiased Monte Carlo sampling at multiple points in time of the 
uncertainty on the three decay heat curves themselves using uncertainties informed by the 
ANS-5.1-2005 decay heat standard. Hence, the final integrated uncertain parameter is in 
the form of hundreds of nearly-continuous variations of the three base decay power curves 
– the total number corresponding with the number of MELCOR realizations. The 
uncertainty variations use unique fractional fission powers for each base power curve (for 
BOC, MOC, EOC) based on inventories of key fissile elements calculated by TRITON and 
ORIGEN-S. The modified decay powers are associated with the appropriate inventory from 
the base decay power curve for the three shutdown times to ensure a modified BOC decay 
power curve is never sampled on a realization using a MOC or EOC inventory. The decay 
powers and inventories are pre-generated before being sampled uniformly/discretely for 
MELCOR and MACCS inputs.  
 
The times of shutdown in cycle 20 are chosen to be 7 days for BOC, 200 days for MOC, 
and 505 days for EOC. The decay power resulting from 0-2 days operation is so small 
compared to MOC and EOC that it may preclude gross core damage, even for an 
unmitigated STSBO; thus an operation time of 7 days is chosen for BOC, and it allows for 
quantifying the effects of significantly reduced decay power soon after scram (i.e. even 
before core uncovering). The MOC decay power, on the other hand, is relatively similar to 
the EOC decay power until about 18 hours after scram–this allows for investigating the 
influence of varied decay power during later stages of severe accident progression. The 
EOC operating time of 505 days reflects the decay power for the actual length of reactor 
operation and overall core burnup for cycle 20 at Surry. 
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The multipliers derived from the ANS standard are applied to the three base decay heat 
curves using a simple rejection sampling technique to avoid any dubious and sudden 
increases in the resulting decay power curves. Therefore, the sampling guarantees 
monotonically decreasing decay powers (with respect to time) for each MELCOR 
realization.  
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
Variations in the inventory is only calculated and treated for the pre-chosen three points of 
reactor shutdown in cycle 20, and any additional uncertainties in the inventory associated 
with the ANS uncertainty treatment of decay power are neglected. The uncertainty 
variations dictated by the ANS standard would, in principle, also vary the radionuclide 
inventory, particularly for shorter-lived nuclides that drive decay heat soon after shutdown; 
however, these effects are assumed to be minor for the Surry UA. It is assumed that the 
relatively small variations in decay power prescribed by the ANS standard produce 
insignificant changes in the inventory of radionuclides and their lumped classes important 
for severe accident consequences. Decay heat levels soon after scram are not driven 
predominately by the nuclides of key importance for human health, which are typically 
relatively long-lived nuclides of significant mass (Cs-137, I-131). The ANS uncertainties 
primarily reflect the uncertainties in nuclear decay data (decay constant) for the hundreds 
of shorter-lived nuclides present at scram. Furthermore, the few nuclides (e.g. Ba-140, I-
133, I-135) that do contribute significantly to both decay power and severe accident 
consequences do not affect decay power much until at least one hour after scram; the ANS 
uncertainties vary decay power mostly within the first 1000 seconds after shutdown, which 
affects boil-off timing for MELCOR, and for much longer cooling (i.e. over 106 seconds) that 
are not relevant for the Surry severe accident simulations. The individual contribution to 
decay power and consequence for nuclides such as Ba-140 are nonetheless rather small 
compared to other more important nuclides such as Np-239 and La-140 for decay power, 
and Cs-137 and I-131 for severe accident consequences.  
Graphics:   

 

 

Decay power for MOC on logarithmic time scale and for BOC, MOC, and EOC on 
severe accident time scale for Surry 

 

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

0 5 10 15 20 25 30 35 40 45 50

D
e
ca
y 
p
o
w
e
r 
(M

W
)

Time after scram (hr)

BOC

MOC

EOC

0

20

40

60

80

100

120

140

160

1.0E‐1 1.0E+0 1.0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+5 1.0E+6

D
e
ca
y 
p
o
w
e
r 
(M

W
)

Time after scram (s)



 

94 
 

Decay power relative to EOC power on logarithmic (left) and severe accident (right) 
time scales. 

 

Horsetail plots of the potential Decay Heat Curves for the Surry Reactor at BOC, 
MOC, and EOC  

 
 

Lumped MELCOR RN inventories for Surry. 

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

0 5 10 15 20 25 30 35 40 45 50

P
o
w
e
r 
ra
ti
o
 (
re
la
ti
ve
 t
o
 E
O
C
 p
o
w
e
r)

Time after scram (hr)

BOC / EOC power ratio

MOC / EOC power ratio

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.0E‐1 1.0E+0 1.0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+5 1.0E+6

P
o
w
e
r 
ra
ti
o
 (
re
la
ti
ve
 t
o
 E
O
C
 p
o
w
er
)

Time after scram (s)

BOC / EOC power ratio

MOC / EOC power ratio



 

95 
 

# Class (representative) BOC (kg) MOC (kg) EOC (kg) 
SOARCA 

(kg) 

1 Noble Gases (Xe)               224.28 310.53 444.45 448.1 

2 Alkali Metals (Cs)             5.97 8.19 11.51 11.7 

3 Alkaline Earths (Ba)           95.05 132.97 186.03 187.6 

4 Halogens (I)                   all in CsI all in CsI all in CsI all in CsI 

5 Chalcogens (Te)                20.87 28.78 41.42 40.9 

6 Platinoids (Ru)                146.47 202.43 304.79 309.5 

7 
Early Transition Elements 
(Mo) 

125.92 170.62 244.06 243.3 

8 Tetravalent (Ce)               628.55 867.65 1164.17 1225.9 

9 Trivalents (La)                307.71 422.00 608.30 621.2 

10 Uranium (U)                    73827.20 73172.91 72207.44 66771.30 

11 
More Volatile Main Group 
(Cd)  

4.11 5.46 8.49 7.263 

12 
Less Volatile Main Group 
(Sn)  

4.55 6.28 9.66 9.19 

16 Cesium Iodide (CsI) 17.24 23.92 34.54 34.82 

17 
Cesium Molybdate 
(Cs2MoO4) 

154.50 211.78 297.75 302.47 

  Total cesium class mass 128.32 176.04 247.96 251.76 

  Total iodine class mass 8.42 11.68 16.87 17.01 

  
Total molybdenum class 
mass 

166.90 226.78 323.02 323.52 
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Parameter Name:  
Containment design leakage rate (DLEAK) 

Type of 
Distribution: 

Continuous Uniform 
Technical Justification for the uncertainties:  
Prior to containment overpressure failure, radionuclide releases through nominal leakage 
tends to be relatively small (0.1% air volume per day at an overpressure ratio [P/PDesign] of 
1).  As an example, release fractions are less than 10-4 of the core inventory (excluding 
noble gases) in the unmitigated SOARCA STSBO scenario (see Figure 5-36 in 
NUREG/CR-7110 Volume 2) before containment overpressure failure near 26 hours.  
Releases due to design leakage remained low and steady for about 20 hours before 
containment failure in the SOARCA STBO, after which release fractions increased by 
several orders of magnitude due to containment functional failure (CFC parameter).  This 
parameter can have an effect on population dose during the first day of the accident, and 
possibly during early evacuation.  While the SOARCA STSBO exhibited relatively small 
early releases, uncertainty in the design leakage rate could increase radionuclide releases 
prior to containment functional failure. 
Rationale for type of distribution:  
From conclusions of NUREG-1493, “The allowable leak rate can be increased by one to 
two orders of magnitude without significantly impacting the estimates of population dose in 
the event of an accident.  The PRA for Surry Unit 1, which was performed assuming a 
containment leak rate a factor of 10 greater than the nominal 0.1 % per day established in 
the plant’s technical specifications, indicates that accident scenarios where containment 
does not fail and is not bypassed contribute only about 0.05% of the population risk from all 
core-melt accidents.”  Additionally, from NUREG-1493, “The design basis leak rate for the 
Surry plant is nominally 0.1% per day.  However, the technical specifications for the plant 
allow limited time operation with up to 1% per day containment leak rate.”   
 
Based on discussion and conclusions from NUREG-1493, the lower bound containment 
design leak rate is 0.1% volume per day at P/PDesign=1.  Based on an analysis to determine 
when containment design leakage would intersect containment failure leakage (i.e., 
localized liner yield from containment fragility curve storyboard), the upper bound 
containment design leak rate is 1.0% volume per day at P/PDesign=1.   
 
Based on the NUREG-1493 discussion above, a uniform distribution was established 
between the Surry technical specification of 1.0% and nominal leakage of 0.1% volume per 
day at P/PDesign=1.  The uniform distribution can be seen in Figure 1 for containment design 
leakage at P/PDesign=1.  Above or below P/PDesign, the MELCOR model is adjusts the design 
leak rate based on containment pressure.  Figure 2 shows the range of design leak rate 
between the lower and upper bounds of 0.1% and 1.0% volume per day at P/PDesign=1 for 
the MELCOR containment leakage model.     
 
Were similar or related parameters considered and rejected. If not, should we? If so, 
why? 
The containment functional failure fragility curve (CFC) parameter is also considered.  This 
allows for quantifying the uncertainty associated with enhanced containment leakage at 
pressures significantly higher than design pressure. 
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Graphic: (generic plot of the distribution):  Uniform distribution, lower/upper bound = 
0.1/1.0% volume per day at P/PDesign=1. 
 

 
Figure 1:  Containment Design Leakage Distribution 
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Figure 2:  Range of Containment Design Leakage 
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Parameter Name:   
Containment Fragility Curve (CFC) 

Type of 
Distribution: 

Beta 
Technical Justification for the uncertainties:   
For accident scenarios without containment bypass, enhanced containment leakage due to 
overpressure is the dominant release path for radionuclides in the Surry MELCOR model 
used in SOARCA. The SOARCA model for containment overpressure failure is based on 
over 25 years of research. This research included both experimental and advanced 
computational efforts, such as the scaled PWR containment experiments at SNL 
(particularly the 1:4 for pre-stressed concrete and 1:6 for reinforced concrete) and 
nonlinear finite element simulations. In general it was concluded that upon pressurization, 
concrete containments for PWRs exhibit significantly increased leakage before a global 
failure of the structure due to the physically redundant arrangement of the steel-liner 
enclosed in concrete. Large leakage effectively precludes catastrophic containment rupture 
for reasonable pressurization rates. Enhanced leakage following overpressure is most 
likely to occur near equipment hatches and other penetrations through the containment; 
these are regions of material and geometric discontinuities that cause high local stresses. 
 
The SOARCA model for containment overpressure uses experimental data from the SNL 
1:6 scaled experiments, since the Surry containment is reinforced concrete, in conjunction 
with a very simple NRC method to reconcile scale and the idealized nature of the 
experimental models. Specifically, the test data for normalized mass flow rate is used in the 
SOARCA MELCOR model while a set of very simple stress calculations provides the 
internal pressures at key stages of containment pressurization. This process yields tabular 
data of containment pressure vs. enhanced mass leak rate. Informed by the experimental 
observations, the hand-calculations estimate the internal containment pressures associated 
with the following events: 
 

1. Liner plate yield: 82.1 psig. Liner yield is defined to be the onset of enhanced 
containment leakage, and is associated with a leak rate that exceeds design 
leakage by an order of magnitude. 

2. Rebar yield: 119.36 psig 
3. 2% global containment strain: 126.71 psig.  

 
In SOARCA, each of the calculated internal pressures was conservatively reduced 15% to 
roughly embody the large uncertainties associated with the rudimentary nature of the hand 
calculations, as well as uncertainties in material properties. With the spread of uncertainty 
being sampled for this parameter, this original conservatism can be removed. 
 
The SOARCA model for containment overpressure is uncertain for several reasons. The 
scaled tests for containment overpressure were performed at ambient temperature with 
nitrogen, and did not consider the effects of high temperature steam, which could be 
saturated or superheated due to generation of non-condensable gases (from in-vessel 
oxidation and/or MCCI). The experimental models were prototypical with respect to aging, 
corrosion, and the arrangement of penetrations. Finally, the SOARCA hand-calculations for 
pressure at the various stages of containment overpressure are very simple and are 
reduced 15% rather arbitrarily. Therefore, the Surry UA treats the containment pressure at 
which to initiate the fragility (failure) curve as an uncertain parameter, and the treatment is 
informed by SOARCA, the 1:6 scale experiments, and finite element simulations for 
degraded containments (NUREG/CR-6920). 
Rationale for type of distribution:   
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The data points shown in Figure 1 reflect leak rate data collected from the 1:6 scale 
experiments (NUREG/CR-5121) and associated with NRC hand-calculations of pressure 
for each stage of containment overpressure. These data points were generated in 
SOARCA to help inform the Surry containment leakage model. The three calculated 
pressures were all reduced 15% in SOARCA for conservatism; a fourth data point (liner 
plate yield in Figure 1) is simply adopted directly (both pressure and leak rate) from 
experimental data, but again with the pressure reduced 15%. The original SOARCA model 
implemented a 3rd order polynomial through these data points and neglected the liner yield 
point; thus overpressure leakage before rebar yield was assumed to be subsumed by 
design leakage, and early enhanced leakage was assumed insignificant for calculation of 
integral releases after 96 hours. The Surry UA takes a slightly different approach to 
facilitate uncertain parameter treatment of containment failure by overpressure and to 
maintain consistency with experimental observations. The UA MELCOR model considers 
functional failure to begin at liner plate yield, which is associated with a 1.0% mass/day 
leak rate (i.e., 10 times the original design leak rate, which is now an acceptable design 
basis leak rate under 10CFR50 Appendix J). Also, simple linear interpolation is used 
between the four data points of the fragility curve instead of a polynomial fit. The liner yield 
point is taken to be the sampled quantity from the CDF of overpressure ratio for effective 
containment failure created in this work, and this is appropriate since past research has 
determined it to be the onset of significantly increased containment leakage. 
 
After review of the containment research presented in NUREG/CR-6906, NUREG/CR-6920 
which documents finite element simulations for significant corrosion at mid-height of the 
containment, methodologies considered for severe accidents in NUREG/CR-6433, recent 
severe accident analyses in NUREG/CR-7149, and review of the ASME book, 
“Containment Structures of U.S. Nuclear Power Plants,” a CDF was created for the 
containment functional failure leakage model and is shown as the red line in Figure 2. This 
CDF was also informed by discussions with containment experts and engineering 
judgment. It places the SOARCA pressure for liner plate yield (P/PDesign ≈ 1.55) significantly 
below the 50th percentile of the CDF, which reflects the conservatism introduced by the 
15% reduction in the calculated pressure for liner plate yield. The majority of sampled 
values are between the original SOARCA value and the original experimental data point 
without conservatism of about 1.75. This reflects the best current state of knowledge about 
the most probable value to start overpressure leakage. The bounds of the distribution are 
set based on physical limits. The lower limit of P/PDesign of 1 is because while it would be 
possible to have containment degradation to the point of damage at atmospheric pressure, 
leakage below design pressure would be detected during outage testing. The upper limit is 
simply set to about the experimental point of rebar yield, which is an advanced damage 
state.  
 
The CDF for the Surry UA may appear quite pessimistic relative to the other CDFs (e.g., 
Surry IPE and NUREG/CR-6920), but it is intended to create sampled values for the liner 
yield pressure, which initiates overpressure leakage at a relatively low pressure and leak 
rate.  Additionally, the CDF allows investigation into the interplay due to the effect of severe 
containment degradation with MACCS evacuation parameters (i.e., potential LERF 
consequence analyses).    
 
The data points beyond liner plate yield (rebar yield and beyond) with higher leak rates are 
lowered appropriately for P/PDesign according to the sampled P/PDesign for the liner plate yield 
data point along the CDF in Figure 2.  However, these over pressure data points (rebar 
yield and beyond) are not raised for a subsequently higher liner plate yield data point along 
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the CDF.  The rebar yield (~2.25 P/PDesign) and beyond data points in Figure 1 are 
considered the maximum value since they are based on experimental data and are 
considered fixed within structural mechanics (rebar yield and 2% global strain).  While it 
could be envisioned that these data points could be reduced (e.g., corroded rebar), there is 
no justification to raise these data points within the current understanding of severe 
accident containment response.  
 
As an example, consider the 20th and 80th percentile data from Figure 2.  These percentiles 
translate to a P/PDesign of 1.45 and 1.75, respectively, for the liner plate yield data point in 
Figure 1.  For the 20th percentile, the subsequent data points (rebar yield and beyond) are 
reduced for P/PDesign by ~0.1 (e.g., 2.155 for the rebar yield data point) and these new data 
points are linearly interpolated between the data points for the containment functional 
failure model in MELCOR.  For the 80th percentile, the subsequent data points (rebar yield 
and beyond) remain at the same P/PDesign (e.g., 2.255 for the rebar yield data point) and the 
new liner plate yield data point is linear interpolated with the original subsequent data 
points to produce the containment functional failure model in MELCOR.     
 
Uncertainty in the leak rates are neglected, since estimations of experimental error are not 
readily available for the Surry UA.  It is assumed that most of the uncertainty lies in the 
pressure associated with each of the four data points representing increasing leak rates, 
which were estimated by simple hand calculations informed by the experiments. 
 
For compatibility with the MELCOR uncertainty engine, a beta distribution was fit to the 
CDF described above and shown in Figure 2. This distribution has the parameters: LB = 
48.9 psi (P/PDesign=1.09), UB=103.6psi (P/PDesign=2.03), α = 5.6, β = 6.3.  
 
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
The nominal containment leakage model is also considered in the Surry UA. 
Graphic: (generic plot of the distribution)  
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Figure 1:  Containment Functional Failure Leakage 
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Figure 2:  CDF for Containment Overpressure Ratio at which Enhanced Leakage is 
Initiated 
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Parameter name / acronym:  
Hydrogen ignition location (H2-LFL) 

Type of 
distribution: 

Discrete uniform 
Technical  justification of uncertainty: 
Hydrogen combustion has uncertainties in the ignition location, ignition timing, flammability 
limits, and combustion intensity.  The H2-LFL parameter examines two of these 
uncertainties (ignition location and flammability limits) while conservatively assuming an 
ignition source is available.  Although previous SOARCA calculations included combustion 
at the default limit for spontaneous ignition (10%), the presence of steam and other diluents 
precluded combustion in the containment during the unmitigated short-term station 
blackout except upon the initial release of hydrogen-rich gas following hot leg creep rupture 
failure.  H2-LFL was selected to explore the uncertainty in the lower limits of flammability.  
A key uncertainty in the lower limit for combustion is the location of the ignition source 
relative to the reactants.  The flammability, or propagation, limits are greatly influenced by 
the direction in which the initial direction of propagation from the ignition source occurs.  
For example, the limits for hydrogen-air mixtures for upward, horizontal, and downward 
initial propagation of the flame are 4, 6, and 9%, respectively, demonstrating the effect of 
buoyancy [Kumar].   
 
The H2-LFL parameter samples on direction of propagation from the ignition source for 
upward, horizontal, and downward propagation.  In other words, the H2-LFL parameter 
samples on the location of the ignition source in the compartment. Each compartment, or 
control volume in MELCOR, is evaluated independently so that ignition can occur in any 
compartment or multiple compartments simultaneously. At the flammability limits, the burn 
will begin at the ignition source, propagate from there, and develop into a deflagration 
throughout the compartment.  The upward propagation, or ignition source near the bottom 
of the compartment, implies an upwardly progressing burn.  The horizontal location implies 
an initially horizontal and upward propagation that moves across and upwards.  Similarly, 
the upper location implies an initial propagation in all directions throughout the 
compartment.  It is assumed that the ignition sources in these three categorizations of 
ignition location/propagation direction characterize the low flammability possibilities for a 
large-scale burn throughout the compartment. 
 
R. K. Kumar, “Flammability of Limits of Hydrogen-Oxygen-Diluent Mixtures,” Journal of Fire 
Sciences, Vol. 3, July/August 1985. 
 
Rationale for distribution type: 
Sources of ignition could be present throughout the compartmentalized containment such 
that the location(s) where hydrogen would ignite and the direction(s) the flame(s) would 
need to propagate would be uncertain and randomly so. The experimental information 
relied upon in defining the sampling distribution for hydrogen LFL is limited to flame 
propagation in the primary directions of upward, horizontal, or downward, suggesting that a 
discrete distribution is applicable. No information is available to suggest that any one 
direction is more likely than another and so a uniform weighting of the 3 discrete initial 
propagation directions (and corresponding LFLs of 4, 6, and 9%) is appropriate.  
 
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
Hydrogen LFL in air succinctly characterizes a necessary condition for a hydrogen burn to 
occur.  Other uncertainties include the timing of the ignition, the flame speed, the 
combustion completeness, and the propagation to adjacent rooms.  The implementation of 
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H2-LFL addresses the first order considerations in hydrogen combustion uncertainty, i.e., 
the lower limit for flammability with an assumed ignition source.  The lower limit potential for 
ignition is the most important for this application because combustion was unlikely.  The 
other parameters are not relevant if combustion does not occur.    
Graphic: (generic plot of the distribution)   Discrete, each ignition source location and 
initial propagation direction is equally likely. 
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Parameter Name:  
SG Tube Rupture Location and Decontamination Factor (ARTIST) 

Type of 
Distribution: 

Discrete 
Technical Justification for the uncertainties:  
Following a steam generator tube rupture (SGTR) in a severe accident scenario, there is 
some portion of the radionuclide inventory that would be transported from the primary 
reactor system to the system side and subsequently to the environment. However, there is 
a tortuous path through the steam generator that would result in a deposition of 
radionuclides, significantly reducing the total environmental release. The ARTIST (Aerosol 
Trapping in a Steam Generator) facility, built at PSI in Switzerland, hosted a series of tests, 
conducted to try to determine the amount of decontamination that occurs in a steam 
generator following a rupture under various conditions.  
 
Results were extracted and interpreted from the ARTIST final report. They showed that 
deposition is essentially due to inertial impaction where large particles are unable to 
navigate the bends and obstacles while smaller particles can follow the flow stream. This is 
evidenced by how abruptly the total decontamination factor (DF) drops to one (no 
decontamination) at lower particle sizes instead of slowly, asymptotically approaching it.  
 
The results were broken out into a DF per steam generator stage (single tube support 
plate) shown in Figure 2, as well as a separate DF for just the dryer and separator shown in 
Figure 1. The applicable ARTIST results for the Surry scenario modeled in this project 
included three aerosol particle sizes and three measurement techniques (although not 
every type of measurement was done with every ARTIST test). Functions were fit to these 
results which were implemented into the MELCOR model as a model improvement detailed 
in the “Additional Notes” section. The shape of the correlation for the steam separators and 
dryers in Figure 1 is consistent with decontamination by inertial impaction, but reflects the 
“bounce” of large particles that prevent surface retention. This produces a specific DF that 
is applied to the release for each aerosol size bin instead of using the normal MELCOR 
aerosol capture and settling models on the secondary side.  
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Figure 1. Decontamination factor from the separator and dryer versus particle size 

 

 
Figure 2. Decontamination factor per steam generator stage versus particle size and 

confidence bounds 
 
The total DF for monodisperse particles is dependent on the DF per stage to the power of 
the number of stages traveled past; thus the uncertainty in tube rupture location dominates 
uncertainty from the ARTIST experiment (shown by the dotted lines in Figure 2). As Surry 
has seven steam generator stages, a discrete distribution will be sampled for N (the 
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number of stages traversed). The decontamination factor as a function of particle size 
shown in Figure 2 is applied aerosol size bin by aerosol size bin for each stage.  
 

Rational for type of distribution:   
Because the number of stages passed is an integer value, a discrete distribution was used 
instead of a continuous distribution. Surry has seven steam generator stages, giving seven 
discrete bins. As indicated in Figure 19 of NUREG/CR-6365 steam generator tube wall 
degradation has been observed in all locations making the likelihood of a spontaneous 
rupture approximately equally probable for all values of N. However, if there are no 
spontaneous ruptures at steady state conditions, it is highly unlikely a spontaneous rupture 
will occur during the select accident scenario, as the pressure differential across the steam 
generator tubes drops during the transient. Thus any SGTRs observed in this project would 
be induced by thermal creep which propagates the growth of existing cracks. Thermal 
creep is highly temperature dependent, so tube temperature was used to weight the 
discrete distribution.  
 
Normalized temperatures were taken from the 1/7th scale steam generator experiments, 
detailed in NUREG-1781. These normalized temperatures were near the midpoint of CFD 
predictions for a full-scale steam generator given in NUREG-1788, making them also 
applicable to this study. As the data was also normalized axially, seven points were 
selected from a curve fit to the data, based on the actual locations of tube supports at 
Surry. This created the discrete distribution seen in Figure 3. Since temperatures are 
higher closer to the inlet there is a much greater probability at those locations but there will 
still be significant numbers of samples at all tube locations. 
 
MacDonald, P.E., Shah, V.N., Ward, L.W., and Ellison, P.G., “Steam Generator Tube 
Failures”, NUREG/CR-6365, INEL-95/0383, 1996. 
 
C.F. Boyd, K. Hardesty, "CFD Analysis of 1/7th Scale Steam Generator Inlet Plenum Mixing 
During a PWR Severe Accident” NUREG-1781, U.S. Nuclear Regulatory Commission, Oct. 
2003. 
 
C.F. Boyd, D.M. Helton, K. Hardesty, "CFD Analysis of Full-Scale Steam Generator Inlet 
Plenum Mixing During a PWR Severe Accident” NUREG-1788, U.S. Nuclear Regulatory 
Commission, May 2004. 
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
There is no other single parameter that could be substituted for this decontamination factor. 
The alternative is to turn on normal MELCOR models for aerosol capture and settling on 
the secondary side. For this to be a reasonable alternative, significant effort would have to 
be made to model all possible deposition structures on the secondary side. There is no 
guarantee this approach would produce a more physical result. Because of this, the total 
secondary DF was selected.   
Graphic: (generic plot of the distribution) Discrete, Probabilities based on 1/7th scale 
tests  
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Figure 3. Number of stages traversed after tube rupture - discrete PDF 

Additional Notes: 

This parameter involves a model improvement that will change the decontamination factor 
from a single value of 7 to a function that adjusts the decontamination factor based on 
aerosol particle size. In the new implementation, for each aerosol size bin, the median 
particle size will be used to look up two DFs based on the functions for a single steam 
generator stage and for the dryer and separator. The DF for a single stage will be raised to 
the Nth power, where N is the number of steam generator stages between the tube rupture 
and the dryer and separator. N will be sampled in this work and will determine the axial 
temperature on the steam generator tube that will be input into the logic for a creep rupture. 
This calculated total DF for the tube section will be multiplied by the DF from the dryer and 
separator function to yield a total DF which is what will be applied for that size bin.  

Finally, the ARTIST tests were done with flow conditions and particles chosen to 
representative of conditions in reactor accidents.  Assuming that the dominant retention 
mechanism is inertial impaction, the test results were scaled by preserving the Stokes 
number.  The effective particle diameter, , was related to the actual particle diameter, 

, by: 
 

1
1.4 10  

 
where,  and  are the superficial gas velocities (m/s) through the steam generators 
in the accident and in the test, respectively,  is density,  is gas viscosity, and  is the 
aerosol dynamic shape factor.  
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Parameter Name:   
Chemical Form of Iodine (CHEMFORM-I) 

Type of 
Distribution: 
Log-Normal 

Technical Justification for the uncertainties:   
Uncertainty in the gaseous iodine fraction to the total iodine released was identified as a 
key parameter and selected for evaluation of the sensitivity of SOARCA results 
(NUREG/CR-7110 Volume 2).  The presence of gaseous iodine remains an uncertain 
source term issue, especially with respect to long-term radioactive release mitigation issues 
after the comparatively much larger airborne aerosol radioactivity has settled from the 
atmosphere.  Mechanistic modeling of gaseous iodine behavior is a technology still under 
development with important international research programs to determine the dynamic 
behavior of iodine chemistry with respect to paints, wetted surfaces, buffered and 
unbuffered water pools undergoing radiolysis, and gas phase chemistry.   
 
Consistent with past MELCOR best practice, NUREG/CR-7110, Volume 2 assumed all 
released iodine combines with cesium to form CsI.  However, past radionuclide release 
studies, such as NUREG-1465, have assumed that as much as 5% of the total iodine 
inventory is released as gaseous iodine. The NUREG-1465 revision work at Sandia, 
currently in the process of completion, has maintained this 5% gaseous iodine fraction. 
Additionally, recent experiments at the Phebus facility show that gaseous iodine is found 
within containment. With the different core make-ups of the various Phebus tests, the 
percentage of iodine in the containment that is gaseous has varied as well, from as low as 
0.2% to as high as 7%. Understanding the uncertainty regarding CHEMFORM-I is 
important because the iodine chemical behavior will determine the amount and timing of 
the release from containment into the environment. 
Rational for type of distribution:   
Since there is still a lack of understanding on the gaseous iodine behavior during the 
Phebus tests, the team recommends an approach where the fission gas release to the 
fuel/cladding gap is used as a surrogate for the gaseous iodine fraction. This is an 
applicable surrogate because, first, past research done for such reports as WASH-1400 
(pg. IX-5) and NUREG/CR-7003 (pg. 2-4) has shown that the percentage of iodine release 
to the gap relative to the total inventory is similar to noble gases like xenon and that iodine 
and xenon have about the same diffusion coefficient. Second, analysis of used fuel rods 
has shown that iodine in the gap is gaseous. Finally, the consensus based on multiple 
severe accident experiments is that iodine that remains in the fuel rod and isn’t transported 
to the gap will later be released in the form of CsI. Therefore it can be assumed that all 
gaseous iodine is in the fuel/clad gap and is essentially the same percentage as all fission 
gas.  
 
Figure 1 summarizes real data provided by CEA from French reactors for low enriched 
uranium (LEU) and mixed oxide fuel. The fuel was removed from operating reactors, and 
the cladding was punched out to determine the gases present in the gap. 
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Figure 1. French Measured Fission Gas Release to the Fuel/Cladding Gap 

 
Surry uses exclusively LEU in its fuel, so the red data points were extracted from Figure 1. 
The best curve was fit to the data, which was an exponential function. As stated in the 
Decay Heat storyboard, specific plant information was provided for three different times in a 
single operating cycle – beginning, middle, and end of cycle (BOC, MOC, and EOC). This 
included specific burn-up data, in MWd/t, which was used to calculated an average burn-up 
for each time at cycle. These three average burn-ups were input to the curve fit to the 
French data, yielding gaseous iodine percentages of 0.1%, 0.18%, and 0.42% for each 
time at cycle, respectively. These values agree with the majority of Phebus tests, which 
showed the concentration of gaseous iodine in containment was generally <1%.  
 
To create an uncertainty distribution, the difference between the data points from this 
exponential best-fit curve was calculated and normalized against burn-up. The spread of 
the transformed data was well fit with a lognormal distribution with parameters µ=-9.94 and 
σ=0.28. The distribution is valid for any burn-up, although the lower limit must be truncated 
at 0 as percentage cannot be less than 0. So within MELCOR the sampled value of the 
lognormal distribution, along with the sampled discrete time at temperature (burn-up), is 
used to calculate the gaseous iodine fraction. The CDF for EOC is shown in Figure 2. Note 
that the best fit value for EOC of 0.42% is near the 50th percentile of the CDF and that 
about 80% of the samples are below gaseous iodine of 1% which is supported by the low 
to mid burn-up French data and the majority of the Phebus tests.  
 
The highest gaseous iodine percentage for EOC, using a test of 1000 samples, was 3% 
which is lower than the previously held standard of 5%. It is also true that the French data 
contains multiple points above a 3% threshold. However, based on the best fit to the data 
and the plant-specified burn-up values, sampling iodine this high is not justified. If 
necessary, a sensitivity case could be performed to determine the effects of gaseous iodine 
above 5%.  



 

112 
 

 
Turnbull, J.A. and Beyer, C.E., “Background and Derivation of ANS-5.4 Standard Fission 
Product Release Model”, NUREG/CR-7003, PNNL-18490, January, 2010. 
 
U.S. Nuclear Regulatory Commission, “Reactor Safety Study: An Assessment of Accident 
Risks in U.S. Commercial Nuclear Power Plants”, NUREG-75/014, WASH-1400, October, 
1975. 
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
Yes, this parameter is related to the chemical form of cesium (CHEMFORM-Cs) primarily 
because cesium must first combine with available iodine before it speciates into Cs2MO4 or 
CsOH. Also, the environmental release of both cesium and iodine have an impact on the 
total consequences of the accident. There are other radionuclide classes which have an 
impact as well, but it was not feasible to make every RN class uncertain and there is also 
less uncertain information available about their chemical forms. Because of this, and 
because cesium and iodine are typically considered important in accident analysis, they 
were the two selected for the CHEMFORM uncertain parameter.  
 
Additionally, this parameter depends on the time at cycle (BOC, MOC, EOC) from the 
decay power and inventory parameter, both in determining the initial inventory of iodine to 
base the gaseous fraction off of and also to set the burnup used to create the distribution.  
Graphic: (generic plot of the distribution)  

The lognormal distribution with parameters µ=-9.94 and σ=0.28 is used as the basis of the 
CDF for each time at cycle. The CDF for EOC based on specific burn-up and after the data 
transformation is shown below. There is a similar distribution for BOC and MOC. 

 

 

Figure 2. CDF for the Gaseous Iodine Percentage at EOC 
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Parameter Name:   
Chemical Form of Cesium (CHEMFORM-Cs) 

Type of 
Distribution: 

Beta 
Technical Justification for the uncertainties:   
As mentioned in the previous storyboard, CHEMFORM-I, the first step in the speciation of 
cesium is the combination with most available iodine to form CsI. However, since there is 
generally much more cesium available than iodine, a significant amount of cesium remains 
to form other chemical classes by further speciation. The predominant next speciation of 
cesium described in NUREG/CR-7110 Volume 1 was based on detailed chemical analysis 
of the deposition and transport of the volatile fission products in the Phebus facility tests.  
The chemical analysis revealed molybdenum combined with cesium and formed cesium 
molybdate. This is based on the fact that cesium and molybdenum were found deposited in 
the same locations that were at temperatures too high for cesium hydroxide to stay 
deposited. However, there was also evidence from the Phebus tests that cesium is 
revaporized at temperatures consistent with the cesium hydroxide chemical form. It is 
presumed that reactions between cesium molybdate and steam cause cesium hydroxide to 
form after release from the fuel. Prior to NUREG/CR-7110 Volume 1, the MELCOR default 
chemical form of remaining cesium was 100% cesium hydroxide. Understanding the 
uncertainty regarding chemical form is important because cesium chemical behavior will 
determine the amount and timing of the cesium release from containment into the 
environment (e.g., late phase revalorization of cesium). 
Rational for type of distribution:   
The parameter being sampled is the fraction of Cs that becomes Cs2MoO4 and so there are 
very clear absolute limits at 0.0 and 1.0. These limits also represent the spread in what was 
considered best practice for cesium in past work where in SOARCA it was considered 
100% cesium molybdate and previously best practice had been 100% cesium hydroxide. 
So for this parameter, 0.0 and 1.0 will be used as the lower and upper limits, respectively. 
But physically, 0 and 1 can never be reached because in that case the chemical potential 
for the other species would approach infinity. This supports the use of a beta distribution 
because the bounds are approached but never reached.  
 
The best estimate for cesium partitioning based on examination of Phebus results indicates 
that at the time of environmental release cesium is speciated at 80% Cs2MoO4 and 20% 
CsOH. This probably does not represent the cesium distribution at the time of release from 
fuel, but within MELCOR there is no model for the cesium molybdate and steam reaction to 
form cesium hydroxide, so the environment release forms need to be initialized in the fuel.  
 
So a beta distribution was created, using 0.8 as the mode and 0.0 and 1.0 as the bounds. 
Because there is no information beyond the mode and the bounds, it is desirable for the 
mean and median to be about the same as the mode. The shape parameters of α=9 and 
β=3 satisfy these criteria. This distribution represents the current thinking on cesium 
speciation based on the Phebus tests, using physical limits as bounds which also agree 
with past best-practices.  
 
Partitioning the initial core inventory of cesium among certain allowable chemical forms for 
release and transport is managed within MELCOR input files that define the initial spatial 
mass distribution of each chemical species and its associated decay heat.  Changes to the 
mass fractions assumed for a particular chemical group directly affect the mass fractions of 
other chemical groups, and hundreds of individual input records within the MELCOR model 
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for Surry. A script was written that takes input from the sampled continuous distribution and 
pre-creates the necessary MELCOR files. Fixed partition fractions are used to preserve 
mass balances.   

Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
Yes, this parameter is related to the chemical form of iodine (CHEMFORM-I) primarily 
because before cesium speciates into Cs2MoO4 or CsOH, it combined with available iodine 
to form CsI, reducing the total inventory. Also, the environmental releases of both cesium 
and iodine have an impact on the total consequences of the accident. There are other 
radionuclide classes which have an impact as well, but it was not feasible to make every 
RN class uncertain and there is also less uncertain information available about their 
chemical forms. Because of this, and because cesium and iodine are typically considered 
important in accident analysis, they were the two selected for the CHEMFORM uncertain 
parameter.  
 
Additionally, this parameter depends on the time at cycle (BOC, MOC, EOC) from the 
decay power and inventory parameter to determining the initial inventory of cesium to base 
the speciation off of. 
Graphic: (generic plot of the distribution) – Beta with parameters α=9, β=3 and bounds 
of 0 and 1.  

Note that this distribution of cesium is applied to the amount of cesium remaining after it 
reacts with iodine to form CsI and also after 4.65% of remaining cesium is introduced to the 
fuel gap – always as CsOH since there will not be significant molybdenum in the gap. 
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Parameter name / acronym:  
Convection Heat Transfer Coefficient Multiplier (XMTFCL) 

Type of 
distribution: 
Triangular 

Technical  justification of uncertainty: 
 
Natural convection heat transfer coefficients (HTCs) calculated by MELCOR are typically 
low for heat structures such as those representing concrete walls in containment. Single-
digit W/m2-K values are common. The calculation of HTCs in MELCOR involves 
determining Nusselt number (Nu) as it does in the CONTAIN [Murata] computer code. 
Increasing the leading coefficient in the relation for Nu from 0.10 to 0.14 in CONTAIN has 
historically been found to give more realistic results in comparisons with experimental data 
[Tills]. Nu is a multiplier in the relation for HTCs, and increasing the leading coefficient in 
the relation for Nu from 0.1 to 0.14 increases HTCs by 40%.  
 
The HTCs at the walls in containment affect the rates of steam condensation on the walls 
which in turn influence the steam concentration in the containment atmosphere as well as 
the pressure in containment. Steam concentration is critical to the potential for a hydrogen 
burn and containment pressure is critical to the magnitude of containment leakage. 
Consequently, the calculated values of HTCs are critical to the modeling of hydrogen burns 
and fission product releases to the environment. 
 
Rationale for distribution type: 
 
Values of HTC as large as 20 W/m2-K seem within reason [Krieth]. This would relate to a 
~100% increase in the HTCs calculated by default by MELCOR on average for the heat 
structures representing concrete containment walls in the Surry model. Increasing HTCs 
could be accomplished through the multiplier on Nu described above but this would globally 
affect all heat structures in the model. Instead, the HTCs on just the heat structures 
representing containment walls will be increased by increasing the XHTFCL heat transfer 
coefficient multiplier individually associated with each heat structure. MELCOR 
documentation suggests, however, that this multiplier and mass transfer (i.e., 
condensation/evaporation) coefficient multiplier XMTFCL not be modified independently 
lest computational difficulties arise [Gauntt, 2.6]. Doubling XHTFCL doubles mass transfer 
rate. Realizing that the combined effect of XHTFCL and XMTFCL on mass transfer rate is 
multiplicative [Gauntt, 2.7], XHTFCL and XMTFCL will be sampled between 1 and 1.414 
together; 1.414 being the square root of 2 such that the combined maximal influence of 
multipliers XHTFCL and XMTFCL will be a doubling of mass transfer rate. Since the 
resulting larger values of heat transfer coefficient will be more physically realistic, the shape 
of the sampling distribution will be defined as triangular with mode 1.183 (= square root of 
1.4, where 1.4 reflects the effective 40% increase in Nu and hence HTC practiced 
historically with the CONTAIN code as described above). The associated probability 
density function for the heat transfer coefficient and mass transfer multipliers given 500 
samples is shown in the figure below. 
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Were similar or related parameters considered and rejected?  If so, why? If not, why?
As mentioned above, there are global multipliers within MELCOR that could be used to 
increase convective heat transfer coefficient at the containment walls but the increase 
would occur everywhere within the model including within the RCS. XHTFCL (and 
XMTFCL) can be redefined for just the particular heat structures of interest, i.e., just the 
containment walls. 
 
References: 
Murata, K.K., et al., “Code Manual for CONTAIN 2.0: A Computer Code for Nuclear Reactor 
Containment Analysis,” NUREG/CR-6533, SAND97-1735, Sandia National Laboratories, Albuquerque, 
NM, December 1997. 
Tills, J., Notafrancesco, A., and Murata, K., “An Assessment of CONTAIN 2.0: A Focus on Containment 
Thermal Hydraulics (Including Hydrogen Distributions),” SMSAB-02-02, July 2002, Office of Nuclear 
Regulatory Research (ADAMS Accession Number ML022140438) 
F. Kreith and W. Z. Black, “Basic Heat Transfer”, Harper & Row, Publishers, New York, Copyright 1980, 
p. 15. 
Gauntt, R. O., et al., “MELCOR Computer Code Manuals – Vol.2: Reference Manuals, Version 1.8.6 
September 2005,” NUREG/CR-6119, Vol. 2, Rev. 3, SAND 2005-5713, Sandia National Laboratories, 
Albuquerque, New Mexico, September 2005, Section 2.6 or 2.7. 
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Parameter Name:  
Radionuclide Aerosols Dynamic Shape Factor 

Type of 
Distribution: 

Beta 
Technical Justification for the uncertainties:  
The MAEROS model in MELCOR is used to determine the mass concentration evolutions 
of aerosols in a spatially homogenous volume, as well as deposition on surfaces and 
injection/removal from volumes. One of the critical assumptions of this model is that 
nonspherical particle effects are adequately parameterized with the dynamic shape factor, 
the collision shape factor and the effective material density. So to determine the uncertainty 
of this model, the uncertainty of the dynamic shape factor is addressed.  
 
The dynamic shape factor is defined as “the ratio of the actual resistance force of the 
nonspherical particle to the resistance force of a sphere having the same volume and 
velocity” [Hinds, p.47]. It is used to account for the stringing out of an aerosol agglomerate 
in a linear or complex manner as opposed to growing as a perfect sphere. A value of 1.0 is 
a perfect sphere and it is the lower limit for the dynamic shape factor. 1.0 is also the default 
value in MELCOR and as such was used in the SOARCA project.  
 
Kasper et al. [Tables 9 &10], experimentally measured values for the dynamic shape factor 
for linear chains with their long axis either parallel or perpendicular to the settling direction, 
pictured below. As can be seen the shape factor is reasonably linear with respect to the 
number of spheres. This data supports an upper bound of 2.8, with a weighting toward 
values under 2.0. Compiled data from Hinds [Hinds, pg. 48] also supports a range of 1-
2.04. However, [Brockmann, 1985] compiled data and models to yield a range of 1-10 for 
the dynamic shape factor. The same report includes a correlation for loosely-packed 
spheres which calculates a dynamic shape factors will be in the range of 1-5 for void 
volumes ranging from 26%-99%. Based on these sources, a range of 1-5 is reasonable 
and so this will be the range used for this project.  

 
 
Hinds, W. C., Aerosol Technology, Wiley, 1982.  
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Kasper, G., T. Niida, and M. Yang,” Measurements of viscous drag on cylinders and chains 
of sphere with aspect ratios between 2 and 50,” J. Aerosol Science, 16 (6), 535-556, 1985. 
 
Brockmann, J. E., “Range of Possible Dynamic and Collision Shape Factors,” In 
“Uncertainty in Radionuclide Release Under Specific LWR Accident Conditions,” Appendix 
F, by R. J. Lipinski, D. R. Bradley, J. E. Brockmann, J. M. Griesmeyer, C. D. Leigh, K. K. 
Murata, D. A. Powers, J. B. Rivard, A. R. Taig, J. Tills, and D. C. Williams, Sandia National 
Laboratories, Albuquerque, New Mexico, SAND84-0410 Volume 2, 1985. 
Rational for type of distribution:   
Although the bounds of the distribution were informed by the experiments described above, 
this cannot inform the shape of the distribution since it does not contain information on the 
normal shape of aerosols during an actual severe accident. A report [Kassane, 2008] 
compiled information on aerosols from a number of nuclear accident experiments, including 
the Phebus FPT tests. The report concluded “Concerning particle shape, relatively compact 
particles without branching chain-like structures appear to be typical in the RCS” although a 
visual inspection of post-test deposition images does show slight evidence of aerosol 
chains. Since a compact, spherical particle has a shape factor of 1.0, the distribution 
should be weighted more heavily toward the lower end of the range. Additionally, most 
references support weighting more heavily in the 1.0-2.0 range. Because of this need, a 
Beta function was used, with the parameters of α=1 and β=5. The α parameter yields a 
function that has a peak as close as possible to the lower bound of 1.0, while the β 
parameter gives the desired shape to the PDF and yields about 75% of samples between 
1.0 and 2.0 while still allowing some samples at physically possible values up to 5.0. 
 
Kissane, M.P., “On the nature of aerosols produced during a severe accident of a water-
cooled nuclear reactor”, Nuclear Engineering and Design, 238, 2792-2800, 2008.  
Were similar or related parameters considered and rejected.  If not, should we? If so, 
why? 
Three parameters are generally used to account for nonspherical particle shapes: the 
dynamic shape factor, the collision shape factor, and the effective density. In previous 
MELCOR analyses, the two shape factors are usually set as equivalent, however existing 
data shows this is only the case under ideal conditions. The agglomeration shape factor 
changes the effective particle size which in turn affects the deposition processes of 
gravitational settling and Brownian diffusion, and the density affects only gravitation 
settling. However, the dynamic shape factor influences agglomeration as well as directly 
influencing three deposition processes: gravitation settling, Brownian diffusion, and 
thermophoresis. There also exists a strong technical base for an uncertainty range for the 
dynamic shape factor. For both of these reasons, dynamic shape factor was chosen as the 
parameter selected to be an overall surrogate for aerosol deposition uncertainty. The 
collision shape factor and effective density will be left at the MELCOR defaults.  
Graphic: (generic plot of the distribution) Beta, α=1, β=5, Bounds=[1.0,5.0]  
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Additional Notes: 

There is a fundamental MELCOR limitation for aerosols in that the dynamic and collision 
shape factors and density are set globally at the beginning of the run and cannot be 
updated as the accident progresses. 
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Parameter Name:  Wet Deposition Model (CWASH1) Type of 
Distribution: 
Log-uniform Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:  CWASH1 represents wet deposition. 
Under rain conditions, wet deposition is very effective and rapidly depletes the plume.  This 
process can produce concentrated deposits on the ground and create what is often 
referred to as a hot spot (i.e., an area of higher radioactivity than the surrounding areas).  
The epistemic uncertainty associated with CWASH1 is potentially important in reactor 
accident consequence calculations because increasing values for CWASH1 result in 
increased local concentrations of radionuclides deposed by rainfall events. In turn, such 
increased local radionuclide concentrations can have two opposite effects on radiation 
exposure and resultant health effects. First, high local radionuclide concentrations can 
increase early individual exposure and resultant early health effects. Second, high local 
radionuclide concentrations can increase the total fraction of a radionuclide release that is 
interdicted and thus decrease long term population exposure and resultant latent health 
effects.     
 

Rationale for type of distribution:  CWASH1: Linear term  1c  (units: 21 s(mm/hr)/ c )  in 

definition of wet deposition rate coefficient 2
1
cc R   (units: 1/s) with R = rainfall rate 

(mm/hr) and 2c = 0.7 a unitless parameter. Distribution: Log uniform on [106, 104]. 

Correlations: None. 
 
The epistemic uncertainty associated with CWASH1 is potentially important in reactor 
accident consequence calculations because increasing values for CWASH1 result in 
increased local concentrations of radionuclides deposed by rainfall events. In turn, such 
increased local radionuclide concentrations can have two opposite effects on radiation 
exposure and resultant health effects. First, high local radionuclide concentrations can 
increase early individual exposure and resultant early health effects. Second, high local 
radionuclide concentrations can increase the total fraction of a radionuclide release that is 
interdicted and thus decrease long term population exposure and resultant latent health 
effects.     
 
Discussion for CWASH1: 
 
 The model used in MACCS for wet deposition of aerosols over a unit area for a time 
interval [ti, ti+1] is formally given by 
 

 2
1d d( ) / ( ) ( ),cC t t C t c R C t     

 
where t = time (units: s), C(t) = vertical integrated aerosol concentration in plume at time t 

(units: kg/m2), 2
1
cc R  = fractional removal rate for aerosols (units: 1/s), R = rainfall rate 

(units: mm/hr), and 1c  (units: 21 s(mm/hr)/ c ) and 2c  (units: dimensionless) are constants 

used in the definition of .  In turn, 
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is the estimated aerosol deposition (units: kg/m2) that takes place over the time interval [ti, 
ti+1].  
   
In the computational implementation of aerosol deposition in MACCS, the rainfall rate R 
changes hourly for each rainfall event; in contrast, the same values for 1c and 2c  are used 

for all rainfall events. Although rainfall rate is taken into account in the definition of �, it is 
well known that many additional properties of a rainfall event affect aerosol deposition, 
including (i) distribution of aerosol size, (ii) chemical and physical properties of aerosols, 
(iii) distribution of rain drop size, (iv) different aerosol removal rates within clouds (i.e., 
rainout) and below clouds (i.e., washout), and (v) short-term temporal variations in rainfall 
rate that are lost in reported hourly rainfall rates [1-5]. 
 
Given that MACCS uses fixed values for 1c and 2c  for all rainfall events, the indicated 

range of properties that can affect aerosol deposition presents a major challenge in 
defining uncertainty distributions for 1c and 2c . Specifically, the values used for 1c and 2c in 

MACCS are compromise values that will be used for a large number of different rainfall 
situations while being the most appropriate values to use for few of these situations. As a 
result, the epistemic uncertainty distributions for 1c and 2c  should characterize the 

uncertainty in the locations of the most appropriate values to use for 1c and 2c  given that a 

single value for 1c and a single value for 2c  will be used for all rainfall events. Given the 

manner in which 1c and 2c are used in MACCS, care must be taken to avoid using 

distributions for 1c and 2c  that are intended to characterize the variability in 1c and 2c  over 

all possible rainfall events as the use of such distributions will produce very unrealistic 
uncertainty analysis results. For example, the results of the expert elicitations for the wet 
deposition of aerosols in App. A of Ref. [6] appear to be for aleatory uncertainty over 
multiple rainfall events. 
 
Assignment of a Distribution Characterizing Epistemic Uncertainty for CWASH1: 
 
The strategy adopted here to quantify the epistemic uncertainty associated with values for  

1c and 2c  chosen for universal use (i.e., for all rainfall conditions) is (i) to look at the results 

of a number studies that obtained values for 1c and 2c  from data for real rainfall events or 

from computational models that incorporate effects that are difficult to quantify for 
observational data (e.g., [1], Tables 10 and 11; [3], Tables 7-11; [4], Table 3; [5], Eqs. (16) 
and (21); [7], Table 1; [8], Eqs. (1) and (2); [9], Figs. 2 and 3; [10], Table 9) and (ii) then to 
choose a range of possible values for 1c and 2c that are representative of these values 

while avoiding extreme values. The outcome of this effort is a range of [106, 104] for 1c  

and a fixed value of 0.7 for 2c . A fixed value for 2c was selected because, given a potential 

range of perhaps [0.6, 0.8] for 2c , the effects of the much larger range for 1c will dominate 
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the effects of the of the uncertainty associated with 2c . Given the absence of a reason to 

assign a particular distribution to the possible values for 1c , a log-uniform distribution is 

specified for the indicated range of  [106, 104] so that each order of magnitude will have 
the same probability (i.e., 0.5). 
 
 
Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
CWASH2 was considered but there is insufficient data to develop defensible distributions. 
Graphic: Log-uniform distribution 

 
CDF for the linear coefficient (CWASH1) in the MACCS wet deposition model 
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Parameter Name:  Dry Deposition Velocities (VDEPOS) Type of 
Distribution: 

Triangle Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:  Dry deposition is the only mechanism for 
deposition onto the ground for more than 90% of the hours of the year at Surry (i.e., the 
hours during which rainfall does not occur).  Since long-term exposures usually contribute 
more than 50% of the overall exposure, deposition is clearly important because deposited 
material is the only source of exposure during the long term. Furthermore, the PB UA 
indicated that dry deposition velocity is the most important parameter of all those 
considered for individual latent cancer risk. Dry deposition involves a variety of 
mechanisms that cause aerosols to deposit, including gravitational settling, impaction onto 
surface irregularities, including buildings and other manmade structures, and Brownian 
diffusion.  Dry deposition is a much slower process than wet deposition, but occurs 
continuously, whereas, wet deposition occurs intermittently.  Dry deposition is 
characterized in MACCS with a set of deposition velocities corresponding to a set of 
aerosol size bins.  Larger values of dry deposition velocity result in larger long-term doses 
at shorter distances and smaller doses at longer distances; the converse is also true that 
smaller values of dry deposition velocity result in smaller long-term doses at shorter 
distances and larger doses at longer distances.   
Rational for type of distribution:  The distributions for dry deposition velocity use as a 
starting point the expert elicitation data in NUREG/CR-6244, and these expert data are 
evaluated in Rev. 1 of Synthesis of Distributions Representing Important Non-Site-Specific 
Parameters in Off-Site Consequence Analysis [1], Section 3.  The expert data give 
uncertainty ranges of nearly five orders of magnitude for small particles (0.1 m) and about 
three orders of magnitude for large particles (10 m). These ranges seem larger than 
should be expected for representative values that are to be applied to an entire year of 
weather trials. In reviewing the expert elicitation documents, it is likely that the experts 
interpreted the uncertainty to represent instance by instance uncertainties rather than 
representative values for a large set of weather trials to represent one year of weather 
data. 
 
In NUREG/CR-4551, Vol. 2, Rev.1, Part 7, pp. 2-18 to 2-20 [2], the authors describe the 
uncertainty in deposition velocity for NUREG-1150. In that study, a single deposition 
velocity was used to characterize the entire range of aerosol sizes that would be released 
into the atmosphere during a reactor accident. The best estimate, based on empirical 
equations and physical models, was that deposition velocity is 0.3 cm/s and that the 
reasonable range of uncertainty is 0.03 to 3 cm/s, a range of a factor of 100. This range 
accounts for uncertainties in aerosol size, wind speed, surface roughness, and aerosol 
density. Of these uncertainties, aerosol size is explicitly accounted for in the current study, 
but uncertainty in the other three parameters should have an effect on the overall 
uncertainty in deposition velocity. This reasoning should lead to an uncertainty range for a 
specific aerosol size that is less than two orders of magnitude, which is clearly narrower 
than the range provided in the expert elicitation study. Another parameter not discussed in 
the NUREG-1150 documentation is aerosol shape factor, but this should have a relatively 
minor contribution to uncertainty in deposition velocity.  
 
Estimation of the importance of wind speed, surface roughness, and aerosol density can be 
made from Equation (3.1) in Ref. 1, which is reprinted below. The coefficients a through f 
were chosen to be 50th percentile values from Table 3-1 in the same reference. For 
establishing a range of deposition velocities considering uncertainties in surface roughness 
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and wind speed, the important parameters in the equation are e and f, which are 
respectively 1.061 and 0.169. A reasonable range for a representative wind speed is 1 to 
10 m/s, with 2.2 m/s being the annual mean wind speed at Surry. This leads to a about a 
factor of 5 in deposition velocity. A reasonable range for surface roughness at Surry is 10 
to 60 cm. This leads to about a factor of 2 in deposition velocity. Aerosol density has a 
significant effect for larger particles and a negligible effect for small particles, as can be 
seen from Figure 2.13 in Ref. 2. For larger particles, a range of four in particle density 
corresponds to a range of about 2 in deposition velocity. For small aerosols, particle 
density has almost no effect on deposition velocity. From this discussion, assuming that the 
influences of wind speed, surface roughness, and aerosol density are independent, which 
is reasonable, then the uncertainty range in deposition velocity to account for these effects 
should be about a factor of 10.  
 

 
To construct distributions to be used in this study for each aerosol size, the 50th percentile 
values from the expert elicitation are used as the modes of a set of triangular distributions. 
These values were chosen because, although the distributions from the expert elicitation 
process are considered too wide, the median values from the distributions should be best 
estimates from the group of experts. The lower and upper bounds of the triangular 
distributions are chosen to be the mode divided and multiplied by the square root of 10, 
respectively. The 50th percentile values from the expert elicitation (modes of the triangular 
distributions) are evaluated from Equation (3.1) in Ref. 1 with choices for surface 
roughness to be 10 cm and wind speed to be the mean Surry wind speed, 2.2 m/s. The 
distribution parameters are tabulated in Table 1 and shown in Figure 1. 
Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
VDEPOS is perfectly rank correlated across aerosol sizes.  This prevents small aerosols 
from depositing faster than large aerosols, which would contradict our understanding of 
aerosol physics. Rank order correlation is the most commonly used method of computing a 
correlation coefficient using the rank order of the sampled values between two variables, 
rather than the absolute value sampled from the distribution. 
References: 
1. Bixler, N. E., et al., "Synthesis of Distributions Representing Important Non-Site-Specific 

Parameters in Off-Site Consequence Analysis," NUREG/CR-7161, Rev. 1, Nuclear 
Regulatory Commission, Washington, DC, 2013.    

2. Sprung, J. L., et al., “Evaluation of Severe Accident Risks: Quantification of Major Input 
Parameters,” NUREG/CR-4551, Vol. 2, Rev. 1, Part 7, Nuclear Regulatory Commission, 
Washington, DC, 1990.  
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Graphic: Triangle for 10 particle size bins (MELCOR defined). The largest two bins are 
represented by the curve for 20 m since the correlation in Ref. 1 is not recommended 
above this limit.  
 

Triangle 
Distributions 

Deposition Velocity (m/s) 

Aerosol Size (m) Lower Bound Mode Upper Bound 
0.15 1.28E-04 4.05E-04 1.28E-03 
0.29 1.18E-04 3.73E-04 1.18E-03 
0.53 1.54E-04 4.88E-04 1.54E-03 
0.99 2.60E-04 8.23E-04 2.60E-03 
1.8 5.09E-04 1.61E-03 5.09E-03 
3.4 1.04E-03 3.29E-03 1.04E-02 
6.4 2.01E-03 6.36E-03 2.01E-02 
12 3.30E-03 1.04E-02 3.30E-02 
20 4.10E-03 1.30E-02 4.10E-02 

 

Figure 1:  CDF of dry deposition velocities for mass median diameters representing 
MACCS aerosol bins 
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Parameter Name:  Groundshine Shielding Factors (GSHFAC) Type of 
Distribution: 

Piecewise 
uniform 

Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:  The groundshine shielding factors 
(GSHFAC) are shielding and protection factors specified for various activities (i.e., normal, 
sheltering and evacuation), and directly affect the dose received by individuals at each 
location for the specified activities.  GSHFAC are used as multipliers on the dose that a 
person would receive if there were no shielding or protection.  Thus, a GSHFAC of one 
represents the limiting case of a person receiving the full dose (i.e., standing outdoors and 
completely unprotected from exposure); a shielding factor of zero represents the limiting 
case of complete shielding from the exposure.   
 
The values of GSHFAC used in the MACCS calculation are important because the doses 
received from groundshine are directly proportional to these factors.  Uncertainty exists in 
factors that affect GSHFAC such as indoor residence time for each activity, household 
shielding, and departures from the infinite flat plane assumptions used for the FGR-12 
ground plane dose coefficients (i.e., ground roughness, however, is typically overwhelmed 
by household shielding).  
 
The uncertainty in groundshine doses has two components: uncertainty in the amount of 
shielding between an individual and the source of the groundshine (GSHFAC), and 
uncertainty in the energy deposited within a human organ for a specified incident radiation 
(i.e., groundshine deposited energy scaling factor – GSDE).  GSDE is a scaling factor to 
account for the amount of ionizing radiation energy deposited within various human organs 
from the emissions of radioactive contamination deposited onto the ground, and is an input 
into the groundshine dose.  However, the additional uncertainties of the deposition of 
radiation in individual organs stem from age, height, and weight variations of the exposed 
population and are incorporated into GSDE uncertainty; yet GSDE is not a specific MACCS 
input.  So the uncertainty in GSDE is incorporated into GSHFAC uncertainty distribution. 
Rationale for type of distribution:  The piecewise uniform values used in GSHFAC is a 
combination of uncertainty derived from NUREG/CR-6526 and uncertainty in GSDE.  
Gregory et al. [1] evaluated the expert data to derive distributions for groundshine from 
NUREG/CR-6526.  From Gregory et al, [1], three types of activity, normal, sheltering, and 
evacuation, are evaluated for the groundshine dose pathway, resulting in three sets of 
shielding factors, which are shown on Figure 1.  In Figure 1, the black asterisk data points 
are the data points for Cohorts 1, 2, 3, 5, & 6, and the yellow squared data points are for 
Cohort 4 on each line shows the NUREG/CR-7110 Volume 2, Appendix C values.   
 
Regarding GSDE, to simplify the implementation of uncertainty in the energy deposited 
within a human organ for a specified incident radiation, Eckerman [2] recommends that a 
single triangle distribution be applied as a multiplicative factor for all radionuclides and for 
all organs.  Eckerman [2] recommends a triangular distribution with a minimum of 0.5, a 
peak (mode) of 0.8, and a maximum of 1.5 which incorporates variances in ionizing 
radiation energy, variances in the individual organs affected by the associated incident 
radiation, and human body variations such as age, sex, height, and weight.  The 
parameters for the triangular distribution used to represent uncertainty in the dose 
coefficients for GSDE are shown in Figure 2.   
 
Furthermore, Eckerman [2] suggests that the uncertainty in organ-specific groundshine 
dose conversion factors is highly correlated to GSDE.  As a result, this work combines the 
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uncertainty in GSHFAC and the uncertainty in the dose coefficients (i.e., through the GSDE 
uncertainty distribution) into a single uncertainty factor, which can be implemented as an 
overall uncertainty in the GSHFAC input for MACCS.  However, the uncertainties in the 
GSHFAC and the groundshine dose coefficients are treated as uncorrelated since they 
have no relation (e.g., the shielding from a building (GSHFAC) does not bear upon an 
individual’s body, organs effected by incident radiation, or the ionizing radiation energy). 
 
Piecewise uniform distributions (normal activity, sheltering, and evacuation) for the 
combined GSHFAC and GSDE uncertainty are for the combined scale factor for shielding 
and resultant dose, and are implemented in MACCS as an overall uncertainty for GSHFAC.  
Figure 3 provides a comparison of GSHFAC for evacuation with and without incorporating 
the uncertainty in GSDE (the yellow triangles show the NUREG/CR-7110 Volume 2 value 
for all cohorts).  As seen in Figure 3, the uncertainty in GSDE does not provide a parallel 
uncertainty contribution throughout GSHFAC distribution.   
 
Within this context, normal activity refers to a combination of activities that are averaged 
over a week and over the population, including being indoors at home, commuting, being 
indoors at work, and being outdoors.  Figure 4 shows the combination of uncertainty in 
GSHFAC and GSDE for all cohorts considered.  An additional long-term groundshine dose 
pathway is also determined (the exact same curve as normal activity) and is shown on 
Figure 4 (the value for long-term groundshine is the yellow rectangle).  GSHFAC can be 
specified for each of the six cohorts in this uncertainty analysis.  In NUREG/CR-7110 
Volume 2, Section 7, shielding values for Cohorts 1, 2, 3, 5, and 6 are identical.  As shown 
in Figure 4, the uncertainty distributions in GSHFAC for these cohorts are the same for all 
three activities.  In Figure 4, the black triangles are the data points for Cohorts 1, 2, 3, 5, 
and 6 and for long-term dose used in NUREG/CR-7110 Volume 2, Section 7 analyses.   
 
Cohort 4 is special facilities, which has different shielding values in the NUREG/CR-7110 
Volume 2, Section 7 analyses.  For this work, a single distribution is applied to the 
evacuation activity for all of the cohorts since this activity would similar across all cohorts.  
However, since more protection from groundshine is afforded by the buildings and types of 
activities expected for Cohort 4 (e.g., more time spent indoors of concrete-type buildings), 
normal activity is expected to be similar to sheltering for the other cohorts. Therefore, the 
base distribution for sheltering activity is used for both the normal and sheltering activities 
for Cohort 4. In Figure 4, this is represented as a dashed line overlying the base curve with 
a the red rectangle representing the Cohort 4 data points used in NUREG/CR-7110 
Volume 2, Section 7 analyses.  
Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
The shielding factor values for the three types of activity used in the uncertainty analysis 
have a further assumption.  The distributions for normal activity and evacuation are 
uncorrelated (i.e., a rank correlation coefficient (RCC) of 0.0).  The distributions for normal 
activity and sheltering are correlated with a RCC of 0.8.  The distributions for sheltering and 
evacuation are also uncorrelated.  The distributions for normal activity and long-term 
groundshine (LGSHFAC) are perfectly correlated (RRC is 1.0).   
 
This parameter is related to GSDE which has been incorporated into the GSHFAC 
distributions (see Figure 2 and Figure 3).  This work combines the uncertainty in the 
GSHFAC and the uncertainty in the dose coefficients (GSDE) into a single uncertainty 
factor, which can be implemented as an overall uncertainty in the GSHFAC within the 
MACCS model.  The uncertainties in the GSHFAC and in GSDE are treated as being 
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uncorrelated. 
 
There is no correlation between GSHFAC, the cloudshine shielding factors (CSFACT), and 
the inhalation protection factors (PROTIN).  
Graphic: (generic plot of the distribution) Figure 4 shows the final piecewise uniform 
distributions.  The NUREG/CR-7110 Volume 2 values are also provided for the Normal, 
Sheltering, and Evacuation activities and long-term activity.  Long-term activity is the exact 
same curve as Normal activity. 

 

Figure 1:  CDF of GSHFAC 
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Figure 2:  CDF of GSDE 

 
 
 

 
Figure 3:  CDFs of GSHFAC with and without GSDE input for Evacuation 
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Figure 4:  CDF of GSHFAC with GSDE input 
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Parameter Name:  Inhalation Protection Factors (PROTIN) Type of 
Distribution: 

Piecewise 
Uniform and 

Uniform 

Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:   
In MACCS, the dose received by individuals at each location is a combination of multiple 
factors, including inhalation of radionuclides. MACCS will calculate the inhalation dose as if 
a person were standing in the open surrounded by the plume. In reality, the dose will be 
reduced by the activity a person in engaged in, such as sheltering in place. Thus, a 
protection factor is used for inhalation, which is used as a multiplier on the dose that a 
person would receive if there were no shielding or protection.  A shielding factor of one 
represents the limiting case of a person receiving the full dose (i.e., standing outdoors and 
completely unprotected from exposure); a shielding factor of zero represents the limiting 
case of complete shielding from the exposure.  The inhalation shielding factors used in the 
MACCS calculation are clearly important because the doses received from inhalation are 
directly proportional to these factors and dose is a key metric in this analysis.  
 
The distributions used in this uncertainty analysis for are derived from NUREG/CR-6526 [1] 
which collected data from an expert elicitation panel on deposited material and external 
doses.  The spread of this data indicates that there is a large range of uncertainty in current 
expert best-estimates on the inhalation protection factor.  
Rationale for type of distribution:   
Gregory et al. [2] evaluated the expert data in [1] to derive distributions for the inhalation 
protection factor. Three distributions were derived, one each for normal, sheltering, and 
evacuation activity types. Only data from the U.S. expert was used to determine the time 
spent in various structures (outdoors, vehicles, and low, medium, and high shielded 
buildings). This data provided the needed information for the normal activity type. These 
times were shifted towards outdoors and vehicles for evacuation and towards high shielded 
buildings for sheltering. To determine the final distributions data from all the experts on the 
air concentration ratios (indoors/outdoors) was considered for both normally ventilated 
buildings and buildings with all windows closed. 
 
In reviewing these distributions, it appears that the range of the distributions was too large, 
especially for sheltering and evacuation, with sheltering protection skewing to too little 
protection and evacuation skewing to too much protection. The experts seemed to be 
answering the question of what are the maximum and minimum possible protection factors 
for any individual person in the zone, whereas for this work, the average value for all 
people in the zone is needed.  
 
To verify that these judgments were correct, the Gregory distributions were compared to 
distributions found in NUREG/CR-4551 [3], which were prepared for potential use in 
NUREG-1150. This source recommended a uniform distribution from 0.15-1.0 for normal 
activity, a uniform distribution from 0.1-0.4 for sheltering, and a constant value of 1.0 (no 
protection) for evacuation.  
 
The recommended distribution for normal is similar both in range and shape to the Gregory 
distribution, while the distribution for sheltering has a significantly smaller range which only 
allows for high amounts of protection, indicating sheltering is only in high-shielding areas. 
In reality sheltering may be enforced wherever people currently are, so the higher values in 
Gregory are physically possible, if not likely for an entire population.  
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Thus the decision was made to use the Gregory distributions for sheltering and normal 
activities, except with a truncation at the 20th and 80th quantiles of the CDF to represent an 
average population instead of a single individual. New CDFs were drawn, using the 20th 
and 80th quantile values as the upper and lower bound while maintaining the 50th percentile 
value and shape of the curves, seen in Figure 1. The distributions are described as 
piecewise-uniform as there is linear interpolation between data points which accurately 
represents the spread in expert elicitation data without assuming a distinct shape (such as 
normal) to the data. Figure 1 also shows the SOARCA values as black triangles, which 
were obtained from the NUREG-1150 defaults. Sheltering is very near the 50th percentile, 
while normal is lower due to the truncation.  
 
The single value of 1 for evacuation [3] is significantly different than the Gregory 
distribution, which includes low values for PROTIN that are difficult to defend. Additionally, 
the SOARCA default for evacuation of 0.98, which came from NUREG/CR-6953, Volume 1 
[4], is still considered the best-estimate. Therefore, the best judgment was to create a 
simple uniform distribution from 0.9 to 1.0, which allows for a limited uncertainty 
investigation in PROTIN for evacuation but doesn’t include high amounts of protection 
indicated in Gregory that do not seem physically possible for an entire population. .  
 
An additional inhalation protection factor for the long-term inhalation dose pathway is also 
required and is assumed to be the same as the normal activity distribution. PROTIN must 
be specified for each cohort (population group) in a MACCS analysis. In the NUREG/CR-
7110, Volume 2 study, shielding values for Cohorts 1, 2, 3, 5, and 6 are identical.  Cohort 4 
represents special facilities, which has different shielding values in the NUREG/CR-7110, 
Volume 2 study. Because normal activity for Cohort 4 would be approximately the same as 
sheltering due to the buildings this cohort normally live/work in it was determined to use the 
created distribution for sheltering for both normal and sheltering for Cohort 4 while 
evacuation remains the same. The distributions for long-term and Cohort 4 are 
representing in Figure 1 as dashed lines overlaying the base distributions.  
Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
The shielding factor values for the two types of activity used in the uncertainty analysis 
have a further assumption.  The distributions for normal activity and sheltering are 
correlated with a rank correlation coefficient of 0.75, based on the assumption that the 
majority of normal activity is indoors and so if sheltering is sampled with a lower value, 
normal activity should be as well.  The distributions for normal activity and long-term 
inhalation (LPROTIN) are also perfectly rank correlated.  There is no correlation between 
PROTIN and the groundshine shielding factor (GSHFAC).  
 
There is a third shielding/protection factor for cloudshine (CSFACT) which was included in 
the Peach Bottom analysis but will not be included for Surry.  This is because the expert 
elicitation data used for inhalation and groundshine is not as directly applicable to 
cloudshine and also because it did not show up as an important parameter in Peach 
Bottom regression analysis nor as a major contributor to dose. 
Graphic: (generic plot of the distribution) Four piecewise-uniform distributions (Normal 
and Sheltering activities, long-term inhalation, and Cohort 4)  and a uniform distribution for 
evacuation activity, along with black triangles representing SOARCA values 
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Figure 1:  CDF of PROTIN 

 
Reference: 
1. F.T. Harper, et al., “Probabilistic Accident Consequence Uncertainty Analysis, Uncertainty 

Assessment for Deposited Material and External Doses,” NUREG/CR-6526, NRC, Washington, DC, 
December 1997. 

2. Gregory, J.J., et al., "Task 5 Letter Report:  MACCS2 Uncertainty Analysis of EARLY Exposure 
Results," Sandia National Laboratories, Albuquerque, NM, September 2000. 

3. Sprung, J.L., et al., “Evaluation of Severe Accident Risks: Quantification of Major Input 
Parameters,” NUREG/CR-4551, Vol. 2, Rev. 1, Sandia National Laboratories, Albuquerque, NM, 
December 1990. 

4. Nuclear Regulatory Commission, "Review of NUREG-0654, Supplement 3, “Criteria for Protective 
Action Recommendations for Severe Accidents," NUREG/CR-6953, Vol. I, Nuclear Regulatory 
Commission: Washington D.C. December 2007. 
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Parameter Name:  Early Health Effects LD50 Parameter (EFFACA) Type of 
Distribution: 

Piecewise 
Uniform 

Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:  The individual risk of an early fatality is 
modeled in MACCS using a three-parameter Weibull function (Equation 1) for specified 
target organs (e.g., red bone marrow, lungs, and stomach) with an acute dose threshold.  
The Weibull function contains a parameter for the lethal dose to 50% of the population 
(LD50) within one year (EFFACA).  The effective acute dose commitment period of one year 
is for inhaled and internally deposited radionuclides.  EFFACA is one of three variables 
considered for individual early health effects using the following equation:   
 

0.693	        (1) 

 
Where: 
H = hazard function for individual risk of prompt fatality (unitless) 
DOSE = effective acute dose to the target organ at which a dose below a threshold 

(EFFTHR, and is discussed further in another storyboard) the organ-dose is set 
to 0.0 (rem) 

EFFACA = the LD50 parameter (rem) 
EFFACB = the exponential parameter, and is discussed further in another storyboard 

(unitless) 
 
When radioactive material is inhaled and retained in the respiratory system, an individual 
may continue to receive a radiation dose for long periods of time after the material was 
inhaled.  Depending on particle size and chemical form, clearance mechanisms may 
remove the material from the body or transport it from the respiratory system to other 
organs of the body.  The MACCS early health effects model takes account of dose 
protraction for radioactive material inhaled and retained within the body and calculates an 
effective acute dose.  However, there is uncertainty in the health effects associated with 
acute exposure.   
 
All three of the variables used to determine the individual risk of prompt fatality in 
Equation 1 must be treated individually as uncertain.  This is because of how the MACCS 
framework handles the early fatality risk analysis within the code.  Additional discussion on 
this aspect of MACCS can be found in NUREG/CR-6613 Volume 1, Section 6. 
Rational for type of distribution:  The EFFACA distribution for all three target organs 
considered are piecewise uniform, and are based on linear interpolation between data 
points taken from Table 6-1 of Bixler et al. [1].  The basis for the EFFACA distribution are 
uncertain characteristics associated with estimation of four types of early health effects, 
and are derived from NUREG/CR-6545 and evaluated by Bixler et al. [1].  Three of these 
early health effects are potentially fatal: the hematopoietic (represented with the target 
organ – red bone marrow), gastrointestinal (represented with target organ – stomach), and 
pulmonary (represented with target organ – lungs) syndromes.  The fourth, pneumonitis is 
generally nonfatal, and was not included.  The parameter distributions and SOARCA 
values associated with these three potentially fatal early health effects for EFFACA are 
shown on Figure 1 (triangles are values used in NUREG/CR-7110 Volume 2).  The upper 
and lower bounds of each of the three distributions incorporate the entire range of the 
expert elicitation data evaluated by Bixler et al. [1]. 
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Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
Bixler et. al. [1] recommends for each health effect, EFFACA is correlated with the early 
health effects threshold parameter (EFFTHR) for the same health effect using a 1.00 rank 
correlation coefficient.  Also, Bixler et. al. [1] recommends the corresponding coefficients 
for the pulmonary syndrome and pneumonitis are correlated with a rank correlation 
coefficient of 1.00 because it does not make sense for pneumonitis to occur at higher 
doses than the pulmonary syndrome.     
Graphic: (generic plot of the distribution) Piecewise Uniform 
 

 
Figure 1:  CDF of EFFACA for Specified Health Effects 

 
Reference: 
1. Bixler, N., et al., "Synthesis of Distributions Representing Important Non-Site-Specific Parameters in 

Off-Site Consequence Analysis," NUREG/CR-7161, Sandia National Laboratories, Albuquerque, 
NM, 2010. 
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Parameter Name:  Early Health Effects Exponential Parameter 
(EFFACB) 

Type of 
Distribution: 

Piecewise 
Uniform Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:  The individual risk of an early fatality is 
modeled in MACCS using a three-parameter Weibull function (Equation 1) for specified 
target organs (e.g., red bone marrow, lungs, and stomach) with an acute dose threshold.  
The Weibull function contains an exponential parameter that defines the steepness of the 
dose-response function (EFFACB).  EFFACB is one of three variables considered for 
individual early health effects using the following equation:   
 

0.693	        (1) 

 
Where: 
H = hazard function for individual risk of prompt fatality (unitless) 
DOSE = effective acute dose to the target organ at which a dose below a threshold 

(EFFTHR, and is discussed further in another storyboard) the organ-dose is set 
to 0.0 (rem) 

EFFACA = the LD50 parameter, and is discussed further in another storyboard (rem) 
EFFACB = the exponential parameter, which defines the steepness of the dose-response 

function (unitless) 
 
When radioactive material is inhaled and retained in the respiratory system, an individual 
may continue to receive a radiation dose for long periods of time after the material was 
inhaled.  Depending on particle size and chemical form, clearance mechanisms may 
remove the material from the body or transport it from the respiratory system to other 
organs of the body.  The MACCS early health effects model takes account of dose 
protraction for radioactive material inhaled and retained within the body and calculates an 
effective acute dose.  However, there is uncertainty in the health effects associated with 
acute exposure.  
 
All three of the variables used to determine the individual risk of prompt fatality in 
Equation 1 must be treated individually as uncertain.  This is because of how the MACCS 
framework handles the early fatality risk analysis within the code.  Additional discussion on 
this aspect of MACCS can be found in NUREG/CR-6613 Volume 1, Section 6. 
Rational for type of distribution:  The EFFACB distribution for all three target organs 
considered are piecewise uniform, and are based on linear interpolation between data 
points taken from Table 6-1 of Bixler et al. [1].  The basis for the EFFACB distribution are 
uncertain characteristics associated with estimation of four types of early health effects, 
and are derived from NUREG/CR-6545 and evaluated by Bixler et al. [1].  Three of these 
early health effects are potentially fatal: the hematopoietic (represented with the target 
organ – red bone marrow), gastrointestinal (represented with target organ – stomach), and 
pulmonary (represented with target organ – lungs) syndromes.  The fourth, pneumonitis is 
generally nonfatal, and was not included.  The parameter distributions and SOARCA 
values associated with these three potentially fatal early health effects for EFFACB are 
shown on Figure 1 (triangles are values used in NUREG/CR-7110 Volume 2).  The upper 
and lower bounds of each of the three distributions incorporate the entire range of the 
expert elicitation data evaluated by Bixler et al. [1]. 
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Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
Bixler et. al. [1] recommends the corresponding coefficients for the pulmonary syndrome 
and pneumonitis are correlated with a rank correlation coefficient of 1.00 because it does 
not make sense for pneumonitis to occur at higher doses than the pulmonary syndrome.     
Graphic: (generic plot of the distribution) Piecewise Uniform 
 

Figure 1:  CDF of EFFACB for Specified Health Effects 
 
Reference: 
1. Bixler, N., et al., "Synthesis of Distributions Representing Important Non-Site-Specific Parameters in 

Off-Site Consequence Analysis," NUREG/CR-7161, Sandia National Laboratories, Albuquerque, 
NM, 2010. 
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Parameter Name:  Early Health Effects Threshold Dose (EFFTHR) Type of 
Distribution: 

Piecewise 
Uniform 

Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:  The individual risk of an early fatality is 
modeled in MACCS using a three-parameter Weibull function (Equation 1) for specified 
target organs (e.g., red bone marrow, lungs, and stomach) with an early health effects dose 
threshold (EFFTHR).  For MACCS to activate the use the Weibull function, the acute dose 
must be greater than EFFTHR.  If the acute dose is below EFFTHR, it will not contribute to 
the risk of early fatality.  EFFTHR is one of three variables considered for individual early 
health effects using the following equation:   
 

0.693	        (1) 

 
Where: 
H = hazard function for individual risk of prompt fatality (unitless) 
DOSE = effective acute dose to the target organ at which a dose below EFFTHR the 

organ-dose is set to 0.0 (rem) 
EFFACA = the LD50 parameter, and is discussed further in another storyboard (rem) 
EFFACB = the exponential parameter, and is discussed further in another storyboard 

(unitless) 
 

When radioactive material is inhaled and retained in the respiratory system, an individual 
may continue to receive a radiation dose for long periods of time after the material was 
inhaled.  Depending on particle size and chemical form, clearance mechanisms may 
remove the material from the body or transport it from the respiratory system to other 
organs of the body.  The MACCS early health effects model takes account of dose 
protraction for radioactive material inhaled and retained within the body and calculates an 
effective acute dose.  However, there is uncertainty in the health effects associated with 
acute exposure.  
 
All three of the variables used to determine the individual risk of prompt fatality in 
Equation 1 must be treated individually as uncertain.  This is because of how the MACCS 
framework handles the early fatality risk analysis within the code.  Additional discussion on 
this aspect of MACCS can be found in NUREG/CR-6613 Volume 1, Section 6. 
Rational for type of distribution:  The EFFTHR distribution for all three target organs 
considered are piecewise uniform, and are based on linear interpolation between data 
points taken from Table 6-1 of Bixler et al. [1].  The basis for the EFFTHR distribution are 
uncertain characteristics associated with estimation of four types of early health effects, 
and are derived from NUREG/CR-6545 and evaluated by Bixler et al. [1].  Three of these 
early health effects are potentially fatal: the hematopoietic (represented with the target 
organ – red bone marrow), gastrointestinal (represented with target organ – stomach), and 
pulmonary (represented with target organ – lungs) syndromes.  The fourth, pneumonitis is 
generally nonfatal, and was not included.  The parameter distributions and SOARCA 
values associated with these three potentially fatal early health effects for EFFTHR are 
shown on Figure 1 (triangles are values used in NUREG/CR-7110 Volume 2).  The upper 
and lower bounds of each of the three distributions incorporate the entire range of the 
expert elicitation data evaluated by Bixler et al. [1]. 
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Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
Bixler et. al. [1] recommends for each health effect, EFFTHR is correlated with the early 
health effects LD50 parameter (EFFACA) for the same health effect using a 1.00 rank 
correlation coefficient.   
  
Graphic: (generic plot of the distribution) Piecewise Uniform 
 

Figure 1:  CDF of EFFTHR for Specified Health Effects 
 
 
Reference: 
1. Bixler, N., et al., "Synthesis of Distributions Representing Important Non-Site-Specific Parameters in 

Off-Site Consequence Analysis," NUREG/CR-7161, Sandia National Laboratories, Albuquerque, 
NM, 2010. 
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Parameter Name:  Dose and Dose Rate Effectiveness Factor 
(DDREFA) 

Type of 
Distribution: 

Piecewise 
Uniform Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:  The dose and dose rate effectiveness 
factor (DDREFA) is a dose- and organ-dependent reduction factor.  DDREFA is used to 
modify the organ-specific lifetime cancer fatality risk factors (CFRISKs) in order to 
distinguish between low and high dose exposures incurred during various phases of the 
accident (e.g., emergency and long-term phases).  Distributions representing the 
uncertainty in the CFRISK are presented in another storyboard.   
 
All epidemiological studies used in the development of radiation exposure risk models 
involve subjects who experienced high radiations doses delivered in a relatively short time 
period (e.g., Hiroshima and Nagasaki atomic bomb survivor studies).  Current evidence 
indicates that the biological response to low dose and dose rate radiation is overestimated 
if a linear extrapolation is used from the high dose studies.  DDREFA is used to 
compensate for this overestimation.  However, there is uncertainty in DDREFA since there 
are no studies that provide specific low dose/dose rate to organ-dependent biokinetics risk 
models.      
 
For this work, Eckerman [1] defines ‘low dose’ to be 0.2 Gy (20 rad) and ‘low dose rate’ to 
be 0.1 mGy/min (600 mrad/hr).  However, MACCS only considers dose and not dose rate 
for DDREFA.  In MACCS, doses received during the emergency phase are divided by 
DDREFA when less than 0.2 Gy in the calculation of latent health effects.  Doses received 
during the long-term phase are generally controlled by the habitability criterion to be well 
below 0.2 Gy, so these doses are always divided by DDREFA in the calculation of latent 
health effects.  
Rational for type of distribution:  Eckerman [0] provides estimates of the uncertainty in 
the DDREFA for each of the organs included in the NUREG/CR-7110 Volume 2, 
Appendix C analyses for latent health effects (i.e., the blue triangles in Figure 1).  These 
uncertainty estimates are gender and age averaged.  Additionally, Eckerman [0] 
recommends a probability density function (PDF) specific for breast cancer and all other 
types of cancer for low linear energy transfer (LET) radiation.  However, the PDFs 
Eckerman recommends do not integrate to unity.  Thus, SNL normalized the PDF 
equations as seen in Figure 2.  In order to properly integrate the Eckerman PDF equation 
for non-breast organ cancer, an upper limit of DDREFA is 8.0.  Eckerman [0] suggests 
current data indicates a DDREFA upper limit of 3.0, except for higher values for lung 
cancer.   
 
Further, Eckerman [1] recommends that high LET radiation be assigned a DDREFA of 
unity (1.0) with no uncertainty, but the distinction between low and high LET radiation to an 
organ cannot accommodated within the MACCS framework.  So the PDFs suggested for 
low LET radiation are applied to all types of radiation.  To implement the uncertainty in 
DDREFA from Eckerman [1], the CDF is segmented into equally spaced quantiles to 
construct a piecewise uniform distribution as seen in Figure 1 (open circles). 
Were similar or related parameters considered and rejected. 
If not, should we? If so, why? 
Eckerman [1] assumes DDREFA for each organ is independent of the other organs and are 
not correlated.  This is also assumed for this work.  The DDREFA for each organ has a 
corresponding CFRISK parameter.  CFRISK is also an uncertain variable for this analysis, 
however, is not correlated with the applicable organ-specific DDREFA. 
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Graphic: (generic plot of the distribution) Piecewise uniform distributions 

 
Figure 1:  CDF for DDREFA applied for breast and other cancers 
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Figure 2:  Revised PDFs for DDREFA for Breast and Other Cancers 
 
Reference: 

1. Eckerman, K., "Radiation Dose and Health Risk Estimation:  Technical Basis for the State-of-
the-Art Reactor Consequence Analysis (SOARCA) Project," Oak Ridge National Laboratory, 
Oak Ridge, TN, 2011. 
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Parameter Name:  Lifetime Cancer Fatality Risk Factors (CFRISK) Type of 
Distribution: 

Truncated 
Log-Normal 

Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:  The lifetime cancer fatality risk factors 
(CFRISK) are based on a 50-year lifetime dose commitment to specified target organs (unit 
risk/rem).  The risk of latent cancer fatality is calculated separately for each cancer 
syndrome related to each target organ and is based on the technical approach described in 
the National Academy of Sciences / National Research Council BEIR V report.  The 
BEIR V risk models are used in FGR-13, which are the current U.S. approved dose 
response models.  However, there is uncertainty in CFRISK due to the biokinetics risk 
models.      
 
Regarding the biokinetics risk models, Eckerman [0] discusses the radiation dose to organs 
and tissues of the body are involved in two different aspects of the post-accident situation: 
1) the decision to allow the evacuated population to return to the environs and 2) the 
estimation of the potential health effects in the population.  The first aspect falls within the 
scope of radiation protection, such that the standard dosimetric quantities of radiation 
protection are applicable.  The second aspect, projection of health effects, involves 
quantities and computational methods beyond those normally encountered in radiation 
protection (e.g., errors in ascertainment of cause of death and transport of risk estimates 
from a study group to the U.S. population).  This results in dose and risk coefficient 
uncertainties.  This work focuses on the uncertainty within these models for exposures to 
members of the public due to long-term exposure to photons emitted from contaminate 
ground deposits (groundshine) and inhalation of resuspended ground contamination 
(resuspension).  
Rational for type of distribution:  Truncated log-normal distributions are selected based 
on Eckerman [0] recommendations.  Eckerman [0] provides estimates of the uncertainty in 
CFRISK for each of the organs included in the NUREG/CR-7110 Volume 2, Section 7 
analyses for latent health effects (i.e., the blue triangles in Figure 1).  The estimates used in 
NUREG/CR-7110 Volume 2, Section 7 are from BEIR V.   
 
The overall distribution for each target organ is derived from Pawel et al. [2] based on two 
expert eliciation studies; (1) the 5%, 50%, and 95% confidence intervals as assessed by 
nine researchers involved in an expert elicitation study, and (2) a smaller interval based on 
the opinions of eight experts.  The uncertainty distributions derived from Eckerman [0] 
indicate leukemia seems to be relatively well know; lung, breast, colon, and residual 
(cancer sites not explicitly identified – esophagus, stomach, skin, ovaries, bladder, kidney, 
etc.) are moderately well known; and thyroid, liver, and bone are relatively poorly known.  
Eckerman [0] concluded this based on the premise that inconsistency in expert judgment is 
a valid measure of uncertainty in CFRISK.  These uncertainty estimates are gender and 
age averaged.   
 
A truncation of each log normal distribution occurs at ±3 sigma within log-scale for each 
distribution [1].  This represents a truncation at quantile 0.00135 (~0.1 percentile) and 
0.99865 (~99.9 percentile).  In the LHS software used by the MACCS framework, the 
truncation is made by normalizing (i.e., with a linear scaling) any quantile generated in the 
probability space [0.0; 1.0] into the truncation space [0.00135; 0.99865].  
Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
Eckerman [1] assumes CFRISK for each organ is independent of the other organs and are 
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not correlated.  The CFRISK for each organ has a corresponding dose and dose rate 
effectiveness factor (DDREFA) parameter.  DDREFA is also an uncertain variable for this 
analysis.  However, it is not correlated with the applicable organ-specific CFRISK. 
Graphic: (generic plot of the distribution) Truncated log-normal distributions 

 
Figure 1:  CDF for the CFRISK for each of the organs included in the SOARCA analysis 

 
Reference: 
1. K.F. Eckerman, "Radiation Dose and Health Risk Estimation:  Technical Basis for the State-of-the-

Art Reactor Consequence Analysis (SOARCA) Project," Oak Ridge National Laboratory, Oak 
Ridge, TN, 2011. 

 
2. D.J. Pawel, Leggett, R.W., Eckerman, K.F., and Nelson C.B., “Uncertainties in Cancer Risk 

Coefficients for Environmental Exposure to Radionuclides,” ORNL/TM-2006/583, Oak Ridge 
National Laboratory, Oak Ridge,  TN, 2007.  
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Parameter Name:  Long-Term Inhalation Dose Coefficients (various) Type of 
Distribution: 

Truncated 
Log-Normal 

Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:  The long-term inhalation dose coefficients 
(Gy/Bq) define the committed organ-specific equivalent dose or the committed effective 
dose from the inhalation of 1 Bq of a radionuclide over a 50-year committed time period.  
Uncertainties in inhalation dose coefficients were examined by Pawel et al. [1] to evaluate 
the uncertainties in the cancer risk coefficients of FGR-13.  Based on the Eckerman report 
for SOARCA [2], the assignment of uncertainty distributions to long-term inhalation dose 
coefficients for individual radionuclides is difficult because these values are the end 
products of complex calculations.  These calculations involve a collection of uncertain 
biokinetics and dosimetric models and assumptions, which Pawel et al. [1] determined to 
be the largest uncertainty for most risk coefficients (e.g., the method of assessing 
uncertainty in a risk model strongly influences the uncertainty in a risk coefficient). 
 
The latent cancer fatality risk factors in MACCS are based on the technical approach 
described in BEIR V in which long-term inhalation dose coefficients are part of that 
approach.  The assessment of the uncertainty in dose is evaluated on the basis of 
sensitivity analyses in which various combinations of plausible biokinetics and dosimetric 
models are used to generate alternative dose coefficients such as those discussed in 
Pawel et al. and the Eckerman report [2] for SOARCA.   
Rational for type of distribution:  For the long-term dose coefficients related to the 
inhalation pathway, Eckerman [2] recommends that the uncertainty distributions for the 
coefficients be treated as truncated log normal distributions with the geometric means and 
standard deviations for the 58 radionuclides listed in Table 1.  The upper and lower values 
used to create the distributions are assumed to represent the 90% confidence (i.e., 
credible) interval for each dose coefficient [2].  The geometric means correspond to the 
median values used in NUREG/CR-7110 Volume 2.   
 
A truncation of each distribution occurs within a log-scale for that distribution [2].  This 
represents a truncation at quantile 0.00135 (~0.1 percentile) and 0.99865 (~99.9 
percentile).  In the LHS software used by the MACCS framework, the truncation is made by 
normalizing (i.e., with a linear scaling) any quantile generated in the probability space [0.0; 
1.0] into the truncation space [0.00135; 0.99865].  
 
For an individual radionuclide, the long-term inhalation dose coefficients are treated as 
correlated with a correlation coefficient of 1.0 for all of the organs except the lung.  The 
lung is to be correlated with a correlation coefficient of -1.0 with all of the other organs (red 
bone marrow (Leukemia), bone, breast, thyroid, liver, colon, and ‘residual’).  This in effect 
means that only one data input along the CDF is being sampled (e.g., long-term inhalation 
dose coefficient for the red bone marrow) to represent all organ specific long-term 
inhalation dose coefficients uncertainty inputs into MACCS.  The logic behind this is that 
the inhaled radionuclides may spend more or less time (residence time) in the lungs, 
depending on the chemical form of the radionuclide and its solubility, and subsequently 
after departing from the lung, the radionuclide is carried through the blood stream to other 
systemic tissues.  Thus, the longer the time spent in the lungs, the greater the dose in the 
lungs and the less the dose to the other systemic tissues.  The shorter the time spent in the 
lungs, the smaller the dose in the lungs and the greater the dose to the other systemic 
tissues.  MACCS uses the bone as the corresponding organ to correlate the other organ-
specific long-term inhalation dose coefficients.   
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There are 69 radionuclides considered in NUREG/CR-7110 Volume 2.  Only 58 
radionuclides are considered for long-term dose coefficient uncertainty distributions.  Of the 
11 radionuclides not considered, seven are noble gases, three are short half-life (i.e., less 
than 8 minutes) meta stable isotopes (Ba-137m, Nb-97m, and Pr-144m), and one is a short 
half-life non-meta stable radionuclide (Rh-106).  For each radionuclide considered, there 
are long-term inhalation dose coefficients for eight different organs which are considered 
for this analysis; lung, red bone marrow (leukemia), bone, breast, thyroid, liver, colon, and 
‘residual.’  The ‘residual’ dose coefficient encompasses all other organ-specific doses not 
related to the other seven organ-specific dose coefficients.   
 
Since all 58 radionuclides have a set of organ-specific truncated log normal distributions, 
Figure 1 and Figure 2 provide examples of the truncated log normal distributions for two 
radionuclides, Cs-137 and Pu-241, for the eight different organs considered.   
Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
The dose coefficients, which contribute to the risk of dying from prompt health effects (early 
fatalities), were considered to be minimal because the doses projected to be received by 
members of the public are expected to be below the threshold for prompt health effects.  
SOARCA does not consider ingestion and thus those dose coefficients are not considered.  
Additionally, the organ-specific cloudshine and groundshine rates were not considered 
because other uncertain inputs related to cloudshine and groundshine are investigated 
(e.g., groundshine deposited energy – GSDE).  
Graphic: (generic plot of the distribution)  

Table 1:  Radionuclides Considered 
Radionuclides 

Co-58 Y-90 Nb-97 Te-127 I-132 Ba-140 Pr-144 Cm-242 

Co-60 Y-91 Mo-99 Te-127m I-133 La-140 Nd-147 Cm-244 

Rb-86 Y-91m Tc-99m Te-129 I-134 La-141 Np-239 

Rb-88 Y-92 Ru-103 Te-129m I-135 La-142 Pu-238 

Sr-89 Y-93 Ru-105 Te-131 Cs-134 Ce-141 Pu-239 

Sr-90 Zr-95 Ru-106 Te-131m Cs-136 Ce-143 Pu-240 

Sr-91 Zr-97 Rh-103m Te-132 Cs-137 Ce-144 Pu-241 

Sr-92 Nb-95 Rh-105 I-131 Ba-139 Pr-143 Am-241 
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Figure 1:  Cs-137 Long-Term Inhalation Dose Coefficient Distributions for Specified Organs 
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Figure 2:  Pu-241 Long-Term Dose Coefficient Distributions for Specified Organs 

 
References: 
1. Pawel, D.J., R.W. Leggett, K.F. Eckerman, and C.B. Nelson, “Uncertainties in Cancer Risk 

Coefficients for Environmental Exposure to Radionuclides,” ORNL/TM-2006/583, Oak Ridge 
National Laboratory, Oak Ridge, TN, 2007. 

2. Eckerman, K.F., "Radiation Dose and Health Risk Estimation:  Technical Basis for the State-of-the-
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Parameter Name:  Crosswind Dispersion Linear Coefficient (CYSIGA) Type of 
Distribution: 
Log-Triangle Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:   
Dispersion of a radioactive plume following a severe accident directly affects doses to 
members of the population and resulting health effects. Thus, the dispersion parameters 
used to estimate atmospheric dispersion are important to the outcome of the calculation.  
The coefficients used to calculated dispersion were chosen by expert elicitation for 
SOARCA, but there exists considerable uncertainty both in regard to the elicitation 
distributions and historic values.  
 
In terms of predicted health effects, these parameters tend to have a non-linear effect when 
using the linear, no-threshold (LNT) hypothesis for estimating latent health effects because 
more dispersion simply means lower individual dose to a greater population, although it 
may also result in greater interdiction. Dispersion has an even greater health effect when 
using dose truncation because a smaller dose to an individual can reduce a nonzero risk to 
zero.  
 
Within MACCS, transport and dispersion of a plume is calculated using the Gaussian 
Plume Model, shown in Equation 1.  
 

  (1) 
 
where χ(x,y,z) is the air concentration at a downwind location (x,y,z), Q is the source 
strength, ū is the mean windspeed, h is the release height, and σy and σz are the standard 
deviations of the normal crosswind and vertical concentration distributions, respectively. Q 
and h are determined by the accident sequence, while ū is a function of weather. This 
leaves σy to capture the uncertainty in the crosswind dispersion. The function of σy is given 
in equation 2.  

   (2) 
 
where X is the downwind distance and CYSIGA and CYSIGB are constants fit by observed 
results. A value for both of the constants must be entered for each of the six Pasquill-
Gifford stability classes (classes A-F).  
 
In this work, it was beneficial to only sample one of the two constants, to avoid redundancy. 
CYSIGA was selected because the existing data suggests it has much higher variation 
than CYSIGB.  
 
The SOARCA best-estimate values for CYSIGA were determined using expert elicitation 
[Bixler, 2010]. Distributions were fit to the expert data, which were roughly lognormal. The 
best-estimate values used in SOARCA were taken as the 50th percentile of the distribution. 
This can still be considered the best-estimate value for this analysis. However, the created 
distributions cannot be used directly as the uncertainty distribution. The experts were giving 
values for all possible values of CYSIGA considering exact weather conditions at one time. 
For this analysis, uncertainty in just the best-value is being considered and has a narrower 
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band of uncertainty due to the smoothing effects of considering a year’s worth of weather 
patterns.  
 
There are a number of other sources for CYSIGA, three of which are given as examples in 
the MACCS User’s Guide [2]. These values were compared to the best-estimate values 
from expert elicitation. It was found that 2/3rds of the values were less than a factor of 3 
different from the best-estimate value and were about evenly distributed between larger 
and smaller. These historic values (’77, ’79, and ’89) were used by multiple experts in 
constructing their distributions, showing they are still in use in the present day. 
 
Additionally, a study [NUREG/CR-6853] was conducted that compared results from the 
Gaussian plume model  to 3 other models for transport and dispersion and found that the 
results from the 4 codes differed by approximately a factor of 2-3. This factor can be taken 
as an approximation of the overall uncertainty in transport and dispersion. As a first order 
approximation at short distances, the uncertainty in plume concentration is inversely 
proportional to the uncertainty in σy multiplied by the uncertainty in σz. These results would 
indicate that the uncertainty of CYSIGA could vary from 1-1.73 times the best-estimate.  
 
References: 
1. Bixler, N., et al., "Synthesis of Distributions Representing Important Non-Site-Specific 

Parameters in Off-Site Consequence Analysis," Sandia National Laboratories, 
Albuquerque, NM, 2010. 

 
2. Chanin, D.I. and M.L. Young, NUREG/CR-6613, "Code Manual for MACCS2:  Volume 

1, User's Guide," U.S. Nuclear Regulatory Commission, Washington, DC, 1997. 
 
3. Molenkamp, C.R., et al., NUREG/CR-6853, "Comparison of Average Transport and 

Dispersion Among a Gaussian, a Two-Dimensional, and a Three-Dimensional Model " 
U.S. Nuclear Regulatory Commission, Washington, DC, October 2004. 

Rational for type of distribution:   
There exists a best-estimate value for CYSIGA, which is the 50th percentile of the 
distribution from expert elicitation. Expert elicitation results showed that weather classes 
A&B and E&F could be effectively combined, yielding 4 total distributions. The bounds are 
set at a factor of 2.5 higher or lower than the best-estimate value, for each weather class. 
This gives larger credence to past recommended values from other sources, but also 
acknowledges that comparisons with other codes indicate that uncertainty may be less. All 
calculated values are found in Table 1.  
 
In the previous Peach Bottom uncertainty analysis, a lognormal distribution was used for 
CYSIGA as the expert elicitation data was approximately fit as lognormal. However, it 
cannot be assumed that because the elicitation data is lognormal that the uncertainty 
around the best-estimate value is also lognormal. Thus a log-triangular distribution was 
applied in this analysis. This indicates that there is a known best estimate and the 
likelihood decreases as the bounds are approached, but does not represent any knowledge 
of the behavior between the best-estimate and the bounds. A log-triangular distribution was 
used instead of triangular because it gives equal sampling weight on either side of the 
mode when using a multiplicative factor for the bounds.  
 

Table 1 – Log-Triangle Parameters for All Stability Classes 
Class Lower Bound Mode Upper Bound 
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A/B .3002 .7507 1.8768 
C .1625 .4063 1.0158 
D .1112 .2779 0.6948 
E/F .0863 .2158 0.5395 

 

Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
CYSIGA and the vertical dispersion linear coefficient (CZSIGA) are perfectly rank 
correlated with each other and across the weather stability classes. This indicates that 
uncertainty is CYSIGA is partially caused by changing weather conditions which would 
result in an increase or decrease in both the crosswind and vertical dispersion together. 
 
As mentioned above, dispersion is also dependent on the magnitude of release and 
windspeed. These are captured by other uncertain parameters. Additionally, only CYSIGA 
and not CYSIGB was sampled, to avoid redundancy.  
Graphic: (generic plot of the distribution) Figure 1 below shows the CDFs of a log-
triangular distribution for each of the four SOARCA stability class groupings, with the 
SOARCA values represented by black triangles.  

Figure 1:  CDF of CYSIGA for all Stability Classes 
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Parameter Name:  Vertical Dispersion Linear Coefficient (CZSIGA) Type of 
Distribution: 
Log-Triangle Responsible Technical Expert:  Nathan E. Bixler 

Technical Justification for the uncertainties:   
Dispersion of a radioactive plume following a severe accident directly affects doses to 
members of the population and resulting health effects. Thus, the dispersion parameters 
used to estimate atmospheric dispersion are important to the outcome of the calculation.  
The coefficients used to calculated dispersion were chosen by expert elicitation for 
SOARCA, but there exists considerable uncertainty both in regard to the elicitation 
distributions and historic values.  
 
In terms of predicted health effects, these parameters tend to have a non-linear effect when 
using the linear, no-threshold (LNT) hypothesis for estimating latent health effects because 
more dispersion simply means lower individual dose to a greater population, although it 
may also result in greater interdiction. Dispersion has an even greater health effect when 
using dose truncation because a smaller dose to an individual can reduce a nonzero risk to 
zero.  
 
Within MACCS, transport and dispersion of a plume is calculated using the Gaussian 
Plume Model, shown in Equation 1.  
 

  (1) 
 
where χ(x,y,z) is the air concentration at a downwind location (x,y,z), Q is the source 
strength, ū is the mean windspeed, h is the release height, and σy and σz are the standard 
deviations of the normal crosswind and vertical concentration distributions, respectively. Q 
and h are determined by the accident sequence, while ū is a function of weather. This 
leaves σz to capture the uncertainty in the vertical dispersion. The function of σz is given in 
equation 2.  

     (2) 
 
where X is the downwind distance and CZSIGA and CZSIGB are constants fit by observed 
results. A value for both of the constants must be entered for each of the six Pasquill-
Gifford stability classes (classes A-F).  
 
In this work, it was beneficial to only sample one of the two constants, to avoid redundancy. 
CZSIGA was selected because the existing data suggests it has much higher variation than 
CZSIGB.  
 
The SOARCA best-estimate values for CZSIGA were determined using expert elicitation 
[Bixler, 2010]. Distributions were fit to the expert data, which were roughly lognormal. The 
best-estimate values used in SOARCA were taken as the 50th percentile of the distribution. 
This can still be considered the best-estimate value for this analysis. However, the created 
distributions cannot be used directly as the uncertainty distribution. The experts were giving 
values for all possible values of CZSIGA considering exact weather conditions at one time. 
For this analysis, uncertainty in just the best-value is being considered and has a narrower 
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band of uncertainty due to the smoothing effects of considering a year’s worth of weather 
patterns.  
 
There are a number of other sources for CZSIGA, three of which are given as examples in 
the MACCS User’s Guide [2]. These values were compared to the best-estimate values 
from expert elicitation. It was found that 2/3rds of the values were less than a factor of 3 
different from the best-estimate value and were about evenly distributed between larger 
and smaller. These historic values (’77, ’79, and ’89) were used by multiple experts in 
constructing their distributions, showing they are still in use in the present day. 
 
Additionally, a study [NUREG/CR-6853] was conducted that compared results from the 
Gaussian plume model  to 3 other models for transport and dispersion and found that the 
results from the 4 codes differed by approximately a factor of 2-3. This factor can be taken 
as an approximation of the overall uncertainty in transport and dispersion. As a first order 
approximation at short distances, the uncertainty in plume concentration is inversely 
proportional to the uncertainty in σy multiplied by the uncertainty in σz. These results would 
indicate that the uncertainty of CZSIGA could vary from 1-1.73 times the best-estimate.  
 
References: 

1. Bixler, N., et al., "Synthesis of Distributions Representing Important Non-Site-
Specific Parameters in Off-Site Consequence Analysis," Sandia National 
Laboratories, Albuquerque, NM, 2010. 

 
2. Chanin, D.I. and M.L. Young, NUREG/CR-6613, "Code Manual for MACCS2:  

Volume 1, User's Guide," U.S. Nuclear Regulatory Commission, Washington, DC, 
1997. 

3. Molenkamp, C.R., et al., NUREG/CR-6853, "Comparison of Average Transport and 
Dispersion Among a Gaussian, a Two-Dimensional, and a Three-Dimensional 
Model " U.S. Nuclear Regulatory Commission, Washington, DC, October 2004. 

Rational for type of distribution:   
There exists a best-estimate value for CZSIGA, which is the 50th percentile of the 
distribution from expert elicitation. Expert elicitation results showed that weather classes 
A&B and E&F could be effectively combined, yielding 4 total distributions. The bounds are 
set at a factor of 2.5 higher or lower than the best-estimate value, for each weather class. 
This gives larger credence to past recommended values from other sources, but also 
acknowledges that comparisons with other codes indicate that uncertainty may be less. All 
calculated values are found in Table 1. 
 
In the previous Peach Bottom uncertainty analysis, a lognormal distribution was used for 
CZSIGA as the expert elicitation data was approximately fit as lognormal. However, it 
cannot be assumed that because the elicitation data is lognormal that the uncertainty 
around the best-estimate value is also lognormal. Thus a log-triangular distribution was 
applied in this analysis. This indicates that there is a known best estimate and the 
likelihood decreases as the bounds are approached, but does not represent any knowledge 
of the behavior between the best-estimate and the bounds. A log-triangular distribution was 
used instead of triangular because it gives equal sampling weight on either side of the 
mode when using a multiplicative factor for the bounds. 
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Table 1 – Log-Triangle Parameters for All Stability Classes 
Class Lower Bound Mode Upper Bound 
A/B .0144 .0361 .0903 
C .0814 .2036 .509 
D .1054 .2636 .659 
E/F .0985 .2463 .6158 

 

Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
CZSIGA and the crosswind dispersion linear coefficient (CYSIGA) are perfectly rank 
correlated with each other and across the weather stability classes. This indicates that 
uncertainty is CZSIGA is partially caused by changing weather conditions which would 
result in an increase or decrease in both the crosswind and vertical dispersion together. 
 
As mentioned above, dispersion is also dependent on the magnitude of release and 
windspeed. These are captured by other uncertain parameters. Additionally, only CZSIGA 
and not CZSIGB was sampled, to avoid redundancy. 
Graphic: (generic plot of the distribution) Figure 1 below shows the CDFs of a log-
triangular distribution for each of the four SOARCA stability class groupings, with the 
SOARCA values represented by black triangles. 

Figure 1:  CDF of CZSIGA for all Stability Classes 
 

  



 

156 
 

Parameter Name:  Hotspot Relocation Dose (DOSHOT) Type of 
Distribution: 
Triangle Responsible Technical Expert:  Joe Jones 

Technical Justification for the uncertainties:  The hotspot relocation dose (DOSHOT) is 
a threshold value intended to trigger relocation beyond the evacuation area at the specified 
time (TIMHOT) when the threshold is exceeded.  Although this parameter is specific to 
MACCS, DOSHOT has typically been represented as the upper bound of an aggregate 
emergency phase dose threshold at which the EPA PAGs (EPA, 2013) recommends 
evacuation.      
 
Offsite response organizations (OROs) determine the affected areas based on dose 
projections using State, utility, and Federal agency computer models together with field 
measurements.  The EPA PAG is a guide and OROs can decide to establish different 
relocation criteria.   
Rationale for type of distribution:  For base case hotspot threshold, 5 rem aggregated 
over the emergency phase was used (NRC, 2013).  This is based on the upper evacuation 
bound of 5 rem in the EPA PAG manual (EPA, 2013).   
 
The EPA PAG manual provides a range of 1 to 5 rem for implementing protective actions 
and explains that under normal conditions, evacuation should be implemented if residents 
are expected to receive 1 rem (EPA, 2013).  Therefore, using judgment, the upper bound 
for this distribution was only increased 50% above the EPA PAG to 7.5 rem aggregated 
over the emergency phase.  The lower bound is set at 1 rem, which is the mode of the 
normal relocation criteria (DOSNRM).  This was selected to account for OROs that might 
establish lower bounds for DOSNRM.  In such instances, where DOSNRM is less than 1 
rem, it may be expected that DOSHOT threshold would be 1 rem. 
 
A triangle distribution was used recognizing that ORO decisions are influenced by many 
factors that could result in a higher or lower threshold, but that federal guidance supporting 
the EPA PAG of 5 rem is the likely value. 
Were similar or related parameters considered and rejected?   
If not, should we? If so, why? 
DOSHOT is perfectly rank correlated with the normal relocation dose (DOSNRM) because 
MACCS requires DOSNRM to be less than DOSHOT. 
Graphic: Triangle 
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Figure 1:  CDF of DOSHOT 
 
References 
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Parameter Name:  Hot-spot Relocation Time (TIMHOT) Type of 
Distribution: 
Uniform Responsible Technical Expert:  Joe Jones 

Technical Justification for the uncertainties:  The hotspot relocation time represents the 
estimated time needed to relocate residents from areas that exceed an established dose 
threshold (DOSHOT).  It takes time to determine the affected areas using information from 
modeling and field analysis, and then to notify the public with instructions.  Because the 
normal relocation dose threshold is small, the area to be investigated is larger than areas 
affected by hotspot.  Once the public is notified, they prepare to evacuate and travel out of 
the affected area.  Each of these elements has some uncertainty and can be influenced by 
many factors such as number of residents impacted, size of the affected area, location of 
residents when the warning is received, available resources, clarity of data, weather, etc.   
 
MACCS implements this parameter by removing the entire affected population from the 
dose equation at the specified TIMHOT value.  It is not possible for the entire population to  
leave simultaneously, thus an average representative time is developed.  
Rationale for type of distribution:  A uniform distribution was used.  Few of the time 
contributing activities can be estimated with confidence prior to an event, such as the 
affected area, affected population, available transportation infrastructure, need for traffic 
control, plume travel speed, etc. These contributing activities can vary for specific 
emergencies under specific conditions. Furthermore, this is a prompt relocation.  It is 
different from an evacuation and differs from typical relocations that are not implemented 
with urgency. There is no empirical data available related to prompt relocation of residents 
making a uniform distribution the most appropriate.  For base case hotspot relocation, a 
relocation time of 24 hours after plume arrival was applied (NRC, 2013).   
 
The public response begins after the notification and is a function of the time to receive the 
notification and time to prepare to evacuate (NRC, 2011).  It may be expected that 
residents who are asked to relocate, respond in a similar distribution to evacuees, but over 
a longer duration. Wolshon et. al. (Wolshon, 2010) found that about 90% of the public 
evacuates in about 60% of the response time.  The remaining 10% is called the evacuation 
tail and takes a disproportionate time to leave the area.  It may also be expected that 
residents within hotspot areas would respond more quickly than those within normal 
relocation areas due to the higher dose.  The response may resemble an evacuation. 
 
The lower bound is developed based on an optimal response where OROs attempt to 
relocate residents promptly after plume arrival.  OROs have capabilities to notify the public 
to prepare to leave while the plume is in progress and relocation could begin promptly once 
it is determined the plume has passed.  Assuming the public is prepared to leave, the final 
time element is travel out of the affected area.  A review of the SOARCA baseline results 
(NRC, 2013) shows that the release fraction of cesium for this sequence may affect the 
area from 10 to 15 miles beyond the EPZ, but may not exceed the hotspot dose threshold 
in many areas.  Therefore, the affected area be small and associated population for hotspot 
may only represent a small fraction of the population.  From SECPOP, the 2010 population 
of area from 10 to 15 miles beyond the EPZ is about 150,000 (NRC, 2003).  The analysis 
considers that 20% of this population evacuates as a shadow evacuation, which reduces 
the number of people potentially affected by hotspots.  Thus, a small fraction of the 
remaining 120,000 residents may need to be relocated.  Given the time reflects the entire 
affected population which can be dispersed among several small areas, a value of 12 
hours after plume arrival was judged reasonable for small affected areas.   
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The upper bound represents conditions where OROs are focused on activities within the 
EPZ or have other conflicting priorities which delay relocation activities.  Because this is a 
relocation due to a 4 day aggregate dose, it may not have the same priority as other urgent 
requirements.  The same activities are required as described with the lower bound, 
however they are completed with much less urgency.    A value of 30 hours after plume 
arrival was judged reasonable for a small affected area.  
Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
TIMHOT is being assessed and is perfectly rank correlated with the normal relocation time 
(TIMNRM) because MACCS requires TIMNRM be less than TIMHOT.   
Graphic: Uniform 

 
Figure 1:  CDF of TIMHOT 
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Parameter Name:  Normal Relocation Dose (DOSNRM) Type of 
Distribution: 
Triangle Responsible Technical Expert:  Joe Jones 

Technical Justification for the uncertainties:  The normal relocation dose (DOSNRM) is 
a threshold value intended to trigger relocation beyond the evacuation area at the specified 
time (TIMNRM) when the threshold is exceeded.  Although this parameter is specific to 
MACCS, DOSNRM has typically been represented as the lower bound of an aggregate 
emergency phase dose threshold at which the EPA PAGs (EPA, 2013) recommends 
evacuation.      
 
Offsite response organizations (OROs) determine the affected areas based on dose 
projections using State, utility, and Federal agency computer models together with field 
measurements.  The EPA PAG is a guide and OROs can decide to establish different 
relocation criteria.     
Rationale for type of distribution:  For base case normal dose threshold a criterion of 1 
rem aggregated over the emergency phase was used (NRC, 2013).  This is based on the 
lower evacuation bounds of 1 rem in the EPA PAG manual (EPA, 2013).   
 
The EPA PAG manual provides a range of 1 to 5 rem for implementing protective actions 
and explains that under normal conditions, evacuation should be implemented if residents 
are expected to receive 1 rem over a 4 day emergency phase (EPA, 2013). It is assumed 
that OROs would attempt to meet the EPA guide barring unforeseen circumstances. 
Therefore, using judgment, the upper bound for this distribution was only increased by a 
factor of two to 2 rem.  The lower bound is limited because the affected area can become 
so large that millions of people would require relocation, which would likely affect OROs 
decisions.  For example, during the SOARCA project, it was identified that the State of 
Pennsylvania implements a lower habitability threshold of 0.5 rem per year (NRC, 2012). 
Although the Pennsylvania habitability criterion is based on an annual dose, it is lower than 
the EPA PAG for habitability, showing that States may establish their own criteria lower 
than the EPA PAG.  For this uncertainty analysis, it was judged reasonable to set the lower 
bound at 0.5 rem to reflect the potential for a conservative ORO.   
 
A triangle distribution was used recognizing that ORO decisions are influenced by many 
factors that could result in a higher or lower threshold, but that federal guidance supporting 
the EPA PAG of 1 rem is the likely value. 
Were similar or related parameters considered and rejected?   
If not, should we? If so, why? 
DOSNRM is perfectly rank correlated with the hot-spot relocation dose (DOSHOT) because 
MACCS requires DOSNRM to be less than DOSHOT. 
Graphic: Triangle  
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Figure 1:  CDF of DOSNRM 
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Parameter Name:  Normal Relocation Time (TIMNRM) Type of 
Distribution: 
Uniform Responsible Technical Expert:  Joe Jones 

Technical Justification for the uncertainties:  The normal relocation time represents the 
estimated time needed to relocate residents from areas that exceed an established dose 
threshold (DOSNRM).  It takes time to determine the affected areas using information from 
modeling and field analysis, and then to notify the public with instructions.  Because the 
normal relocation dose threshold is small, the area to be investigated is larger than areas 
affected by hotspot.  Once the public is notified, they prepare to evacuate and travel out of 
the affected area.  Each of these elements has some uncertainty and can be influenced by 
many factors such as number of residents impacted, size of the affected area, location of 
residents when the warning is received, available resources, clarity of data, weather, etc. 
Because DOSNRM is a relatively low value, the size of the area could be large and could 
have a correspondingly large population. 
 
MACCS implements this parameter by removing the entire affected population from the 
dose equation at the specified TIMNRM value.  It is not possible for the entire population to 
leave immediately, thus an average representative time is developed.  
Rationale for type of distribution:  A uniform distribution was used.  Few of the time 
contributing activities can be estimated with confidence prior to an event, such as the 
affected area, affected population, available transportation infrastructure, need for traffic 
control, plume travel speed, etc. These contributing activities can vary for specific 
emergencies under specific conditions. Furthermore, this is a prompt relocation, which is 
different from an evacuation and differs from typical relocations that are not implemented 
with urgency. There is no empirical data available related to prompt relocation of residents 
making a uniform distribution the most appropriate.  For base case normal relocation, a 
relocation time of 36 hours after plume arrival was applied (NRC, 2013).   
 
The public response begins after the notification and is a function of the time to receive the 
notification and time to prepare to evacuate (NRC, 2011).  It may be expected that 
residents who are asked to relocate, respond in a similar distribution to evacuees, but over 
a longer duration. Wolshon et. al. (Wolshon, 2010) found that about 90% of the public 
evacuates in about 60% of the response time.  The remaining 10% is called the evacuation 
tail and takes a disproportionate time to leave the area.  It may also be expected that 
residents within normal relocation areas would respond less urgently than those within 
hotspot relocation areas due to the lower dose.  
 
Similar to TIMHOT, the lower bound is developed based on an optimal response where 
OROs attempt to relocate residents promptly after plume arrival.  A review of the SOARCA 
baseline results (NRC, 2013) shows that the release fraction of cesium may affect the area 
from 10 to 15 miles beyond the EPZ, and would be expected to exceed the normal dose 
threshold over a large area.  OROs have capabilities to notify the public to prepare to leave 
while the plume is in progress and relocation could begin promptly once it is determined the 
plume has passed.  Assuming the public is prepared to leave, the final time element is 
travel out of the affected area.  From SECPOP, the 2010 population of area from 10 to 15 
miles beyond the EPZ is about 150,000 (NRC, 2003).  The analysis considers that 20% of 
this population evacuates as a shadow evacuation, which reduces the number of people 
potentially affected by hotspots.  Thus, as many as 120,000 residents may need to be 
relocated.  Early notifications can be accomplished via EAS messaging, but route alerting 
would still be required and would take a few hours. For this size of population, traffic control 
would be established to support the relocation effort. Given the time reflects the entire 
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affected population, which are dispersed among the entire 10-15 mile area (approximately 
400 square miles), a value of 16 hours after plume arrival was judged reasonable.   
 
The upper bound represents conditions where OROs are focused on activities within the 
EPZ or have other conflicting priorities which delay relocation activities.  Because this is a 
relocation due to a 4 day aggregate dose, it may not have the same priority as other urgent 
requirements.  The same activities are required as described with the lower bound, 
however they are completed with much less urgency.  A value of 48 hours after plume 
arrival was judged reasonable for a small affected area. 
Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
TIMNRM is perfectly rank correlated with the hot-spot relocation time (TIMHOT) because 
MACCS requires TIMNRM be less than TIMHOT. 
Graphic: Uniform 

 
Figure 1:  CDF of TIMNRM 
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Parameter Name:  Evacuation Delay (DLTEVA) Type of 
Distribution: 

Triangle Responsible Technical Expert:   Joe Jones 

Technical Justification for the uncertainties:  The evacuation delay (DLTEVA) defines 
the duration of the sheltering period that occurs immediately before evacuation as 
illustrated in Figure 1.  Delays in evacuation represent an increased potential for receiving 
dose.  There is high confidence in the alert and notification system used to warn the public 
within a specified time, and performance characteristics are maintained under the Reactor 
Oversight Process (ROP).  Public response begins after the alert and notification and is a 
function of the time to receive the notification and time to prepare to evacuate (NRC, 2011).  
Research shows that preparedness of residents of EPZs varies with 20% of the public 
having go-bags ready to leave promptly, while others expect to take longer or not evacuate 
at all (NRC, 2008).  Wolshon et. al. (Wolshon, 2010) found that delay is not uniform with 
most of the evacuees experiencing a smaller delay (e.g., 90% of the public evacuates in 
about 60% of the response time). The variation in public response makes this a good 
candidate for the uncertainty analysis.   
 

 
Figure 1.  MACCS response timeline 
 
The SOARCA values implemented in NUREG/CR-7110, Volume 2 were based on a 2001 
Evacuation Time Estimate (ETE).  The original ETE provided time estimates from which 
delays and speeds were derived.  Since that time, NRC has issued new guidance for 
ETEs, and sites have submitted updated ETEs (NRC, 2005; NRC, 2011).  The current 
Surry ETE (KLD, 2012) includes detailed information and measures of effectiveness not 
provided in the earlier study and also includes different time estimates.  The current ETE 
study (KLD, 2012) provides much of the basis for the delay and speed parameter values for 
each cohort.  However, ETE studies are developed from the point of the siren which alerts 
the public. Therefore, when defining these parameters, adjustments were made to reflect 
the timing of the sequence.  
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Rationale for type of distribution:   
A triangular distribution is implemented because there is some confidence in the time 
needed for cohorts to prepare to evacuate based on research (Rogers, 1990).  Delays can 
be quantified with some confidence for specific emergencies under specific conditions, but 
can vary as the conditions change. This is represented by the bounds.  
 
Delay to evacuation can be due to a slow response to the evacuation order, a need to wait 
for the return of commuters, a need to wait for public transportation, a need to shut down 
operations prior to leaving work, etc.  Such delays vary individually and would not apply to 
the entire cohort.  MACCS moves cohorts, (each cohort represents a population segment) 
as a whole based on population fraction; therefore, using a weighted average approach, 
similar to the approach in NUREG/CR-4551, would be more representative of the delays 
modeled.  The approach in NUREG/CR-4551 based the weighted averages on the 
evacuation time estimates (ETE).  Therefore, judgment, based on the current ETE and 
evacuation research (NRC, 2008a; NRC, 2008b; Rogers, 1990) is used in defining the 
lower and upper bounds. 
 
The DLTEVA parameter is applied at the cohort level, and the uncertainty analysis samples 
the response timing for each cohort. Cohort 1 represents the first 90% of the 0-10 public.   
Cohort 1 was assumed to shelter when the sirens sound, and the SOARCA baseline 
DLTEVA value was 1 hour (NRC, 2013).  This value is supported with empirical data 
showing that most of the public is mobilized in about an hour (Rogers, 1990).   A lower 
bound of 0 hours would indicate there is no delay after the public has been notified.  Such 
conditions can occur as demonstrated in spontaneous evacuations where the public begins 
to leave when they observe an emergency, such as a fire, but prior to receiving evacuation 
orders (NRC, 2008b).  However, it would not be expected that the entire cohort would leave 
immediately.  Recognizing that most of the public is mobilized in about an hour, and 
understanding that there are situations where the public may become largely aware of a 
need to evacuate prior to receiving formal notification, 1 hour was judged to be reasonable 
for the lower bound representing a weighted average of the entire cohort. With regard to 
the upper bound, the ETE study shows the general public cohort (the first 90% of the 
public) for Surry is expected to complete mobilization over a period of about 4 hours (KLD, 
2012) after the siren.  Although it is unlikely the entire population representing this cohort 
would be delayed for 4 hours, this duration does not include potential delays that may be 
incurred during the mobilization period.  Thus, using judgment, the weighted value for the 
upper bound is established as 4 hours. A mode of 2 hours represents the expected time 
and considers that most of the residents are mobilized in one hour(Rogers, 1990), but 
accounting for the entire cohort suggests a mode greater than one hour be implemented.    
 
Cohort 2 represents the 10-20 mile shadow evacuation. A shadow evacuation typically 
occurs after widespread news of a nearby evacuation is broadcast.  Residents outside the 
official evacuation zone begin to evacuate.  The shadow evacuation can be influenced by 
communication during the emergency and is not expected to respond as promptly as the 
general public. The timing and content of the message can cause the shadow to increase 
or decrease and can cause residents to leave earlier or later in the event depending on the 
perceived risk of the residents (NRC, 2008b; NRC, 2011c). The shadow evacuation 
typically begins shortly after the general evacuation begins.  Using judgment, the lower 
bound for Cohort 2 is established as 1 hour which allows time for the general evacuation to 
get underway. A value of 5 hours was judged to be reasonable for the upper bound. A 
mode of 3 hours was judged reasonable to reflect less urgency in areas that are not under 
an official evacuation order. 
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Cohort 3 represents the schools within the EPZ.  The Virginia Department of Emergency 
Management would notify schools when an SAE is declared.  This triggers activities to 
mobilize buses and evacuate the schools.  The baseline SOARCA DLTEVA was 1 hour 
based on the 2001 ETE which assumed that transportation resources were immediately 
available.  For the uncertainty analysis, the lower bound for this cohort of 0.5 hours was 
judged reasonable.  This includes time for OROs to notify the schools and assumes the 
evacuation were to occur in the morning at the beginning of school or in the afternoon at 
the end of school when buses already mobilized.  The ETE study identifies sufficient 
resources for a single wave evacuation, indicating there are enough buses to serve every 
school at the same time. The ETE study states that based on discussions with offsite 
agencies, bus mobilization times range from 145 minutes to 180 minutes depending on the 
county.  Mobilization in this context is arrival of the bus at the school. Using judgment, an 
upper bound of 4 hours was established to account for the average mobilization time and 
any additional delay in notification, communication with drivers, delay in travel due to 
weather or other impediments, etc. A mode of 2.75 hours was selected to represent a 
weighted average of the mobilization times.  
 
Cohort 4 represents the special facilities within the EPZ and was modeled in the baseline 
with a DLTEVA of 11 hours based on the 2001 ETE.  Special facilities often take longer as 
a whole than the general public, and the current ETE estimates 3 hours for vehicle 
mobilization time and additional time for loading the residents prior to beginning the 
evacuation (KLD, 2012).  These facilities actually evacuate individually following facility 
specific evacuation plans and are not typically dependent upon one another for support 
(NRC, 2011b).  Similar to the general public, the entire group of facilities does not respond 
precisely at the same time.  Therefore, for this uncertainty analysis, a lower bound of 3 
hours was judged reasonable to represent the expected mobilization time identified in the 
ETE. It is unlikely resources for all facilities could be obtained and mobilized any earlier 
than this.  A mode of 5 hours was judged reasonable to reflect the vehicle mobilization time 
together with the time to load residents.  Using judgment to establish the upper bound, a 
factor of 2 was applied to mode providing a value 10 hours.  There are often unique 
circumstances involved in evacuating special facilities which justifies the upper value (NRC, 
2011).  This represents a potential delay in availability of transportation resources or 
communication with drivers, delay in travel due to weather, or other impediments. The site 
is located near larger cities such as Norfolk and Richmond, Virginia and Raleigh, North 
Carolina, each of which is in a different direction from the plant.  It is expected there are 
ample regional resources, should these be needed.  
 
Cohort 5 represents the evacuation tail for the 0-10 mile public, which by definition begins 
evacuating at the end of the general public evacuation.  The SOARCA DLTEVA value was 
11 hours, based on the 2001 ETE.  In the 2012 ETE, Scenario 6 represents the midweek 
winter day good weather evacuation, which is the SOARCA scenario (KLD, 2012).  The 
ETE study shows the general public completes their evacuation at about 3.75 hours which 
is the point the tail would begin.  The evacuation ends at about 6 hours.  A lower bound of 
3 hours was judged reasonable to reflect the upper bound of the first 90% of the general 
public.  An upper bound of 10 hours was judged reasonable to reflect a range of potential 
delays that contribute to the tail, including mobilization of special facilities.  A mode of 4 
hours was judged reasonable to reflect the upper bound of the general public.   
 
The uncertainty analysis will sample on each of the cohorts as shown on Figure 2.  
Evacuation delays are sampled independently for each cohort and for each radial ring. 
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Parameter  
SOARCA 

Value 
Mode 

Bounds  

Cohort 1 (0-10 Public) 1.0 2.0 
LB = 1.0 hr. 
UB = 4.0 hr. 

Cohort 2 (10-20 Shadow) 1.0 3.0 
LB = 1.0 hr. 
UB = 4.0 hr. 

Cohort 3 (Schools) 1.0 2.75 
LB = 0.5 hr. 
UB = 4.0 hr. 

Cohort 4 (Special 
Facilities) 

11 5.0 
LB = 3.0 hr. 
UB = 10.0 hr. 

Cohort 5 (Evacuation 
Tail) 

11 4.0 
LB = 1.0 hr. 
UB = 10.0 hr. 

 Note: Evacuation delays are sampled independently for each 
cohort and for each radial ring. For each cohort there is a 
correlation from ring to ring. 

 

Were similar or related parameters considered and rejected.   
If not, should we? If so, why?  Yes. Delay to Shelter (DLTSHL) was considered. 
However, DLTSHL also represents a delay prior to evacuation.  The effects of delay prior to 
evacuees beginning their trip can be assessed by investigating only one of these two 
parameters.  
Graphic:  Triangular distribution  

 
Figure 2:  CDFs of DLTEVA for each Cohort 

(Note:  Cohort 4 & 5 SOARCA values fall outside the their respective CDFs) 
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Parameter Name:  Evacuation Speed (ESPEED) Type of 
Distribution: 

Triangle Responsible Technical Expert:  Joe Jones 

Technical Justification for the uncertainties:  The ESPEED parameter represents the 
speed for each of the 5 cohorts that evacuate for the duration of the middle phase, which is 
a time period established by MACCS.  MACCS allows each evacuation cohort to travel at 
an identified speed for the beginning, middle and late phases of the evacuation. The 
beginning phase of an evacuation is typically limited to the first few minutes (e.g., 15 
minutes for most cohorts in SOARCA), speeds are generally faster because congestion 
has not yet occurred.  The middle phase follows the beginning phase and represents the 
longest travel time within the EPZ. Evacuation speed may be influenced by the roadway 
capacities, number of vehicles on the roadway network, weather, roadway impediments, 
and other conditions (NRC, 2011).  Although detailed evacuation time estimate studies 
attempt to consider all of these conditions, there is inherent uncertainty in the analysis 
making this a good candidate for the uncertainty analysis. 
 
The SOARCA values implemented in NUREG/CR-7110, Volume 2 were based on a 2001 
Evacuation Time Estimate (ETE).  The original ETE provided time estimates from which 
delays and speeds were derived.  Since that time, NRC has issued new guidance for 
ETEs, and sites have submitted updated ETEs (NRC, 2005; NRC, 2011).  The current 
Surry ETE (KLD, 2012) includes detailed information and measures of effectiveness not 
provided in the earlier study and also includes different time estimates.  The current ETE 
study (KLD, 2012) provides much of the basis for the delay and speed parameter values for 
each cohort.     
 
Rationale for type of distribution:  A triangular distribution is implemented because there 
is confidence in the mode which is derived from the ETE study. The ETE study was 
developed following NRC guidance and reviewed by NRC staff.   Speeds can be quantified 
with some confidence for specific emergencies under specific conditions, but can vary as 
the conditions change, such as roadway impediments, how quickly evacuees enter the 
roadway network, the number of evacuees on the roadway, etc.  Average speeds for the 
entire roadway network and for select evacuation routes are provided in the ETE (KLD, 
2012).  Speeds can vary by cohort because of the evacuation routes selected by each 
cohort, the location of the cohort within the EPZ (e.g., schools may be near the edge of the 
EPZ), or other reasons.  The ESPEED parameter is applied at the cohort level and the 
uncertainty analysis will sample on each of the cohorts.   
 
Cohort 1 represents the 0-10 mile public. The baseline SOARCA speed was 1 mph based 
on the 2001 ETE report.  The slow speed was established to account for the model loading 
all members of the public cohort at one time.  In reality, evacuating residents would load 
the roadway network over a longer period of time and travel at different speeds based on 
congestion at the time they enter the roadway network. The current ETE identifies an 
average network speed of 12.4 mph for the duration of the evacuation (KLD, 2012).  This 
includes areas west of the James River, which experience free flow speed and areas east 
of the river, which experience congested flow.  Because the uncertainty analysis is only 
varying the speed for the duration of the middle phase, a lower bound of 0.5 mph is judged 
reasonable and reflects a potential for impediments to the evacuation, such as adverse 
weather, infrastructure damage, etc.  An upper bound of 12 mph was judged reasonable to 
represent the average speed identified in the ETE study, was selected. Because this 
represents conditions during only the middle phase when congestion greatest, the upper 
bound is slightly less than the average network speed. A mode of 1 mph was chosen 
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based on the speeds developed for the Surry seismic sensitivity analysis which reflect the 
seismic initiating event causes infrastructure damage. Additionally, the current ETE shows 
speeds as low as 1.4 mph (KLD, 2012) under normal conditions.       
 
Cohort 2 represents the 10-20 mile shadow evacuation. The shadow evacuation would also 
be expected to have a higher speed west of the James River, but the speed was set at 1 
mph because most of the shadow population is located in the densely populated areas east 
of the James River.  The lower bound is established at 0.5 mph to reflect potential 
impediments to the evacuation.  The upper bound was selected as 15 mph which would 
indicate that limited traffic congestion. This population is located beyond the EPZ and is 
travelling on different roadways than the EPZ population, thus the speeds are not related to 
the EPZ evacuees. A mode of 5 mph was judged reasonable to reflect these evacuees are 
beyond the heavily congested EPZ when they begin their travel.  
 
Cohort 3 represents the schools within the EPZ.  A baseline speed of 10 mph was used 
because schools are notified directly allowing them to begin evacuation prior to the general 
public.  For this accident sequence, schools would receive orders to evacuate about 2.5 
hours prior to the general public (NRC, 2013).  However, the current ETE shows the 
schools require approximately 3 hours to mobilize buses. This puts the school cohort on 
the evacuation route during periods when congestion is building. The current ETE study 
shows average speeds for the school evacuation ranging from 1.1 mph to 33 mph.  The 
school speeds largely depend on the proximity to the EPZ  boundary and the level of 
congestion on the evacuation routes used.  The school with a 33 mph speed is located 
about 0.5 miles from the southeast edge of the EPZ; thus, this school evacuates ahead of  
the rest of the population on uncongested roadways and is not typical of the other schools.  
Most of the average speeds for schools were less than 10 mph.  A lower bound was set at 
0.5 mph to account for congestion and potential impediments to the evacuation. An upper 
bound of 15 mph was established based on the potential for less congestion due to 
evacuation early in the event, which could occur in the mornings or afternoons while buses 
are already mobilized. A mode of 1 mph was chosen based on the speeds developed for 
the Surry seismic sensitivity analysis which reflect  the seismic initiating event causes 
infrastructure damage. 
 
Cohort 4 represents the special facilities within the EPZ which were modeled in the 
baseline as starting evacuation later in the event, near the end of the peak traffic 
congestion.  The lower bound was set at 0.5 mph to represent entering the roadway during 
heavy congestion.  Because these facilities evacuate individually, the potential exists to 
enter the roadway network when traffic congestion is heavy and impediments could exist.  
The upper bound was set at 20 mph to represent evacuation late in the event when 
roadways are less congestion.  This would be consistent with sheltering for an extended 
period until specialized vehicles arrive to support the evacuation.  A mode of 5 mph was 
judged reasonable reflecting that because facilities evacuate independently, on average, 
they are likely to enter the roadway network during congested periods.  
 
Cohort 5 represents the evacuation tail for the 0-10 mile public, which by definition begins 
evacuation at the end of the general public evacuation.  Although their initial speed is the 
same as the general public, because they enter the roadway immediately behind the 
general public, the roadways begin to clear and the tail ultimately has faster speeds 
(Wolshon, 2010).  The lower bound was set at 0.5 mph because the tail enters the roadway 
network at the end of the peak congestion, which is represented by the lower bound for 
Cohort 1.  The upper bound of 20 mph represents roadways that are relatively free of 
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congestion once the majority of vehicles have left the area.  A mode of 10 mph was judged 
reasonable to reflect that in most instances there is less congestion on the roadway while 
the evacuation tail is evacuating. 
 
Evacuation speeds are perfectly rank correlated between cohorts.   
 

Cohort 
SOARCA 

Value 
Mode 
(mph) 

Bounds 
(mph) 

Cohort 1 (0-10 Public) 1 mph 1.0 
LB = 0.5  
UB = 12.0 

Cohort 2 (10-20 
Shadow) 

1 mph 5.0 
LB = 0.5  
UB = 15.0 

Cohort 3  (Schools) 10 mph 1.0 
LB = 0.5  
UB = 15.0 

Cohort 4 (Special 
Facilities) 

10 mph 5.0 
LB = 0.5  
UB = 20.0 

Cohort 5 (Evacuation 
Tail) 

10 mph 10.0 
LB = 0.5  
UB = 20.0 

  
 

Were similar or related parameters considered and rejected.   
If not, should we? If so, why? 
ESPEED for the beginning and late phase were also considered. The beginning phase was 
15 minutes for most SOARCA cohorts, and this duration would not be expected to have as 
great an influence as the middle phase.  The late phase typically represents the time to 
travel from beyond the EPZ to exit the analysis area. The location the late phase 
contribution was of lower priority interest when selecting the parameters for the UA.  
Graphic: Triangle distribution 
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Figure 1:  CDFs of ESPEED for each Cohort 
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