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Executive Summary  
 

This report summarizes the recommendations and observations of an external review 
committee impaneled to support the State-of-the-Art Reactor Consequence Analysis 
(SOARCA) project funded by the U.S. Nuclear Regulatory Commission (NRC) and 
executed jointly by NRC and Sandia National Laboratories.  The external review focused 
primarily on best modeling practices to be used in the SOARCA project for analyzing 
severe accident progression at U.S. nuclear power plants using the MELCOR analysis 
program.  This report does not represent a consensus panel view but rather captures the 
individual observations and recommendations of the panelists.  The impact of this review 
on the execution of the SOARCA project will be documented in a subsequent formal 
technical report to be published by Sandia National Laboratories. 
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Introduction  
 

A review of severe accident progression modeling for the State-of-the-Art Reactor 
Consequence Analysis (SOARCA) project was conducted at a public meeting in 
Albuquerque, New Mexico on August 21-22, 2006.  This review focused primarily on 
best modeling practices for the application of the severe nuclear reactor accident analysis 
code MELCOR for realistic evaluation of accident progression, source term, and offsite 
consequences for each operating commercial nuclear power plant in the United States. It 
also included consideration of potential enhancements to the MELCOR code as well as 
consideration of the SOARCA project in general.   

The review was conducted by five panelists with demonstrated expertise in the 
MELCOR code application and analysis of severe accidents at commercial nuclear power 
plants.  The panelists were drawn from private industry and the Department of Energy 
national laboratory complex and a company working on behalf of German Ministries.  
The review was coordinated by Sandia National Laboratories and attended by Nuclear 
Regulatory Commission staff. 

The objective of the review was not to develop a consensus panel view but rather to 
capture the views of individual panelists in their areas of expertise.  This report 
summarize the recommendations and observations of the individual panelists relative to 
the overall project objectives, modeling approach, and specific MELCOR modeling 
issues.  The panel recommendations are further subdivided into high priority and general 
recommendations whenever a prioritization was suggested by the panel.  Relevant 
reference material suggested by the panelists is also provided along with the 
recommendations and observations described in the following sections. 

This report provides a summary of the review panel deliberations but does not 
provide an analysis of the panel recommendations.  An analysis of information contained 
in this report, including specific technical impacts on the SOARCA project, will be 
documented in a subsequent technical report. 

Project Methodology  

General Recommendations 
o Care should be taken in defining what is meant by “best estimate” in terms of 

severe accident scenarios considered.  The selected accident sequences should not 
be arbitrary. Instead, accident sequences should be representative of those that 
have been identified as the frequency and/or risk dominant scenarios in the plant-
specific Probabilistic Risk Assessment and Individual Plant Examination studies 
that have been reviewed by the Nuclear Regulatory Commission (NRC). 
Furthermore, the case must be made that the tool (i.e., MELCOR) can adequately 
represent scenarios of interest and sufficient justification needs to be provided for 
the selection of accident scenarios.  (Mohsen Khatib-Rahbar) 

o The SOARCA project documentation should comprise a compendium of severe 
accident research that has been conducted over the last 10 years.  This should 
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include insights gained from major experimental programs, e.g., Phebus, 
VERCORS, Lower Head Experiments at Sandia National Laboratories (Chu, et 
al., 1998), FARO, hydrogen combustion studies in Russia, etc., as well as 
information that resulted from closer examination of the Three Mile Island (TMI) 
accident. (Mohsen Khatib-Rahbar). 

o Differences in the predicted behavior in the present study as compared to the past 
analyses should be explained and justified (e.g., interaction of core debris with 
water in the lower plenum, lower head failure mode, debris coolability ex-vessel, 
etc.) (Mohsen Khatib-Rahbar). 

o A matrix showing differences in plants and how they will be handled should be 
developed.  (Mohsen Khatib-Rahbar) 

o Treatment of accident sequences and uncertainties is a central part of the project 
documentation. Define the “best estimate” claim in terms of both risk and 
phenomenology.  Relative to phenomenology, there is a need to acknowledge the 
application of “not-so-best-estimate” models such as the linear no threshold 
theory, etc. and the potential impact on results. Relative to risk, acknowledge past 
technical issue resolution of direct containment heating and α-mode containment 
failure mechanisms.  (Robert Martin) 

o To enhance the relevance of the SOARCA project documentation consider 
incorporating insights applicable to new plants deployment. (Robert Martin) 

o A comparison of SOARCA results to previous severe accident calculations should 
be made.  What has changed and why should be documented in this comparison.  
(Martin Sonnenkalb) 

o The selection of accident scenarios could be done in a way so that various release 
characteristics and release paths from the commercial nuclear reactor could be 
considered to demonstrate the influence on possible off-site releases and 
consequences. (Martin Sonnenkalb) 

 

General Boiling Water Reactor Modeling Issues  

General Recommendations 
o The different water mass outside vs. inside control rod drives in the lower plenum 

should be included in the model for Boiling Water Reactor accident simulations. 
(Robert Henry) 

o Examine the additional details in the Mark I drywell nodalization to capture the 
potential impact of natural convection flow patterns. (Robert Henry, Martin 
Sonnenkalb, Mohsen Khatib Rahbar) 

o Include an assessment of containment penetration failure in the event of 
catastrophic pedestal failure due to molten core concrete interaction. (Mohsen 
Khatib-Rahbar). 
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o Justify 8 hour battery life for Boiling Water Reactor (BWR) applications.  
Consider battery life sensitivity study. (Robert Sanders) 

o Consideration should be given to incorporating MELTSPREAD into MELCOR. 
(Robert Martin) 

General Pressurized Water Reactor Modeling Issues  

General Recommendations 
o In general, the nodalization of the containment as well as of the surrounding 

buildings should be done in a way that main plant characteristics and possible 
release paths are taken into consideration. (Martin Sonnenkalb)  

o Pump seal leakage is an active area of research and product development.  New 
seal loss of coolant accident data should be integrated into SOARCA modeling. 
(Robert Henry) 

o Natural convection within reactor vessel should be considered. (Robert Henry) 

o TMI accident data shows that the upper plenum, including the grid plate, does not 
get very hot.  In essence, this provides an important representation of the locations 
where the core exit temperature exceeded steel melting.  Ensure SOARCA models 
can represent TMI data, i.e., current models tend to calculate too much energy 
transport to the upper plenum with too little remaining in the core region.  This 
impacts fission product transport and deposition and also evaluations of potential 
challenges to the reactor coolant system pressure boundary. (Robert Henry) 

o Full loop circulation should be modeled for both single phase and two-phase fluid 
states including the influence of different water levels in the steam generator.  
Furthermore, the termination of full loop circulation due to phase (steam-water) 
separation, loop seals and bypass flow paths through upper head nozzles, hot leg 
gaps, etc. should also be modeled since these can influence the circulation.  
(Robert Henry) 

o Make sure as much information as possible is drawn from experiment for 
modeling counter current natural circulation (see Boyd and Hardesty, 2003).  
Modeling should consider the shape of the plume entering the steam generators. 
(Robert Henry) 

o Up-flow1 core designs are more conducive to extended core-to-upper plenum 
natural circulation for an overheated core.  Therefore, the differences between up-
flow and down-flow designs should be represented. (Robert Henry) 

 

 

 

 

                                                 
1 For example, Babcock and Wilcox baffle plates include holes that allow down flow in the bypass. 
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Safety relief valve seizure  

High Priority Recommendations 
o BWR Safety Relief Valve (SRV) cycling should be looked at globally in terms of 

actuarial data not just based on temperature data (Esmaili, et al., 2005). (Mohsen 
Khatib-Rahbar)  

o Effect of failure of BWR SRV tailpipe vacuum breakers due to cycling 
(considering the expected number of cycles following core damage, and the 
generic demand failure data for these vacuum breakers, with enhancements due to 
excessive temperature and/or aerosol loading) should be considered. (Mohsen 
Khatib-Rahbar) 

o Steam line nozzle failure should be considered (Esmali, et al., 2005). The effect of 
radiative heat losses may need to be  considered (even though this may not be as 
significant for the region very close to the nozzle). The calculation of structural 
pipe temperature in MELCOR does not account for entrance effects; therefore, 
some estimate of the actual nozzle temperature should be developed for high 
pressure scenarios (e.g., nozzle temperature approaching the steam temperature 
near the RPV exit nozzles). (Mohsen Khatib-Rahbar) 

o The approach for Pressurized Water Reactors (PWRs) is similar to that listed 
above for BWRs.  In this case, in addition to the hot leg nozzle, the failure of the 
pressurizer surge line connection to the hot leg, and the steam generator tubes also 
need to be examined (i.e., recent work by NRC should be used to justify the 
choice of RCS failure location). (Mohsen Khatib-Rahbar) 

o Consider steam line failure prior to SRV failure at high temperatures and 
pressure. (Martin Sonnenkalb) 

o At high temperatures and at high pressure in a BWR during a severe accident the 
steam line may fail prior to SRV failure. This depends on the number of cycles a 
SRV will open prior to failure. This phenomenon may create a major challenge to 
the containment integrity as the steam line failure results in a high mass and 
energy release into the drywell of a BWR. Its relevance should be analyzed and 
considered if needed. (Martin Sonnenkalb) 

General Recommendations 
o For PWR, alternative release scenarios than those considered should be 

acknowledged in project documentation. (Mohsen Khatib-Rahbar) 

o In high pressure severe accidents not only the first SRV may be in operation. SRV 
with higher set-points may be operated as well. Care should be taken to allow for 
failure of all SRVs in operation in BWR and PWR accident scenarios. 
(Martin Sonnenkalb) 
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Core degradation  

High Priority Recommendations 
o Treatment of damage to upper core region when failure occurs at lower regions 

should be examined. Consider sensitivity study allowing unfailed fuel to be self 
supported.  (Robert Sanders) 

o Eutectic formation is an extremely important part of core degradation as well as 
the lower head phenomena.  The MELCOR COR Package eutectic model should 
be revised on a priority basis so that eutectic formation in the lower head can be 
represented in the MELCOR calculations. (Robert Sanders) 

General Recommendations 
o Acknowledge limitations of control-volume formulation in MELCOR in 

simulating steam generator inlet plenum mixing and plume behavior. (Mohsen 
Khatib-Rahbar) 

o Sensitivity calculations should be performed to determine how the answer 
changes as a result of the parametric fuel failure criteria. (Mohsen Khatib-Rahbar) 

o Influence of radiation heat transfer view factors on core melt progression should 
be investigated. This includes the impact of downward radiation on lower plenum 
water inventory prior to debris relocation. (Mohsen Khatib-Rahbar) 

o Heat transfer from the core support plate to other structures and water needs to be 
represented in the case of core debris in contact with the core support plate. 
(Mohsen Khatib-Rahbar) 

o A hand calculation should be developed to determine if melt will solidify in 
instrument guide tube before attacking lower head. (Robert Sanders) 

o Segregation of melt inside and outside control rod guide tube in BWR lower 
plenum should be considered. (Robert Sanders) 

o Core discretization should be examined to determine if non physical axial 
temperature distributions result from Control-Volume Hydrodynamics (CVH) 
treatment of water distribution within a control volume. The issue is mainly 
relevant when there are more axial core cells than CVH volumes in the core 
model. (Martin Sonnenkalb) 

Observations 
o By default MELCOR does not allow relocation of any particle debris into lower 

intact fuel cells of the core. It is not clear that preventing the relocation of any 
particle debris into lower intact fuel locations inside the core is appropriate. 
(Martin Sonnenkalb) 

o Criteria described for erect highly oxidized fuel is appropriate but does not avoid 
“sudden event” failure. (Mohsen Khatib-Rahbar) 
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Lower plenum debris heat transfer  

High Priority Recommendations 
o The results presented for a BWR2 showed a very efficient quenching of 

melt/particulate debris entering the residual water pool in the lower plenum of a 
BWR. The model applied was derived from small scale experiments. The deep 
water debris quenching in the lower plenum of a BWR should be examined for 
large mass pour as significant water displacement could result and as the 
fragmentation of the melt may be not so effective. A rationale needs to be 
developed for why the deep water quenching model is appropriate for larger scale 
melt pour.  Validation against TMI data would be appropriate. Consequences of 
model should be discussed. (Martin Sonnenkalb)  

o The direct application of FARO test results to establish parametric values for the 
MELCOR debris/water interactions needs to be better justified (i.e., scaling of 
debris mass to water ratio).  Therefore, it is recommended to “validate” the 
proposed debris quenching approach with the TMI data in terms of quantity of 
material relocated and resulting pressure rise. (Mohsen Khatib-Rahbar) 

General Recommendations 
o Submergence of the reactor pressure vessel outer surface due to water 

accumulation in the containment building is a natural consequence for some 
designs.  Hence, the ability to represent external flooding of lower head in large 
dry containment applications should be developed.(Robert Henry) 

o With respect to external flooding of the drywell for a BWR, the MELCOR lower 
head model does not represent the attachment of the BWR reactor vessel support 
skirt; also, the interaction of the exterior of the lower head is limited to a single 
hydrodynamic volume.  The impact of these restrictions should be examined prior 
to performing external flooding studies.  (Robert Sanders) 

Reactor coolant system heat loss  

General Recommendations 
o Heat loss from reactor vessel steam lines and RCS structures should be consistent 

with metal insulation performance. (Robert Henry, Martin Sonnenkalb) 

Reactor pressure vessel failure  

General Recommendations 
o Expansion of lower head may cause the welds on penetrations to fail in tension.  

Consequently this could be a location for the initial failure (Chu, et al., 1998).  
Once a sufficient failure size is developed to enable molten core material to flow, 
ablation will determine the ultimate failure size.  Consider specific design details. 
(Robert Henry) 

                                                 
2 See the proceedings of the August 21-22, 2006 external review. 
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o Ensure that bottom head drain is represented in MELCOR model.  The 
importance of the bottom head drain is for mitigation studies.  Like the instrument 
tubes, the lower melting temperature eutectic will most likely fill and block the 
drain line, preventing it from being a possible external melt release path.  
(Robert Sanders) 

o Lower head penetration weld failure should be considered the most likely 
mechanism for lower head failure. (Robert Sanders) 

Observations 
o Care should be taken in refining lower head nodalization to avoid numerical 

difficulties.  Detailed structural models may be inconsistent with thermal model.  
Coarse nodalization is sufficient for understanding the role of material creep. 
(Robert Henry) 

o Instrument guide tube melt through below the lower head resulting from intrusion 
of debris bed material into the tube does not appear to be a credible mechanism 
for lower head failure. (Robert Sanders) 

o Instrumentation penetrations may be the most vulnerable to failure due to smaller 
restriction from cables relative to mechanical structure within control rod tubes. 
(Martin Sonnenkalb) 

Molten core concrete interaction  

General Recommendations 
o Establish best practice guidelines acknowledging limits of MCCI model and its 

impact on hydrogen generation. (Robert Martin) 

o Realistic concrete composition and reinforcing bars should be included in MCCI 
modeling. (Martin Sonnenkalb) 

Fission product release and speciation  

General Recommendations 
o Document the basis core inventory that will be used.  Consider sensitivity studies 

for end of cycle versus beginning of cycle inventories. (Martin Sonnenkalb) 

o Basis for fission product speciation should not be dominated by French data.  
Other sources should be acknowledged. Impacts Cs release. 
(Mohsen Khatib Rahbar) 

o The effect of daughter product generation on release should be considered, e.g., 
Kr decaying to Rb. Impacts first couple of hours after release and may be 
important for anticipated transient without scram sequences. (Robert Sanders) 
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Aerosol Mechanics  

General Recommendations 
o Aerosol deposition in the BWR separator region should be considered. 

(Mohsen Khatib Rahbar) 

o Evaluate impact of large quantities of inert tin on aerosol chemistry, blockage 
mechanics, and revaporization. (Mohsen Khatib Rahbar) 

o A good place to focus efforts in modeling RCS releases is in reproducing TMI 
upper plenum temperatures.  In particular in obtaining insights on core-to-upper 
plenum natural circulation. (Robert Henry) 

o Care should be taken to identify all relevant containment release locations and to 
account for auxiliary building scrubbing and deposition. This is mainly relevant 
for BWR where the containment may fail early during a severe accident. (Martin 
Sonnenkalb) 

Containment Mechanics  

High Priority Recommendations 
o In the BWR example shown3 the dry well convection flow should be modeled in 

more detail. In general, the nodalization of the containment as well as of the 
surrounding buildings should be done in a way that main plant characteristics and 
possible release paths are taking into consideration. (Martin Sonnenkalb) 

General Recommendations 
o Hydrogen ignition sources may exist even in site black-out conditions prior to ex-

vessel melt release, e.g., RPV bottom head, high Temp gas release from the 
pressurizer relief tank.  Evaluate the potential for auto ignition. (Martin 
Sonnenkalb) 

o Proper treatment of random ignition is essential to correctly predict the potential 
for combustion-induced containment failure for PWRs with large-dry 
containments (Mohsen Khatib-Rahbar). 

                                                 
3 See proceedings of the August 21-22 external review meeting. 
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