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Abstract 
 The Fukushima Dai-ichi accident highlights the need to reduce the 

magnitude of radioactive fission product releases from BWR Mark I 
and II containments following beyond-design-basis events. There is 
no evidence that such accidents have a long-term effect on public 
health and safety; however, the Fukushima Dai-ichi accident did 
result in widespread contamination of surrounding areas, both on-
site and off-site. This report assesses various strategies that can be 
used to maintain BWR Mark I and II containment systems as 
effective barriers and to retain fission products in containment 
following a beyond-design-basis accident. 

The best way to avoid radiological release and potential land 
contamination is to prevent an accident from occurring by improving 
and augmenting the strategies for preventing core damage. These 
improvements are treated in other assessments and are outside the 
scope of this report. This report focuses on severe accidents in which 
the containment vessel provides the chief barrier to fission product 
release. Various studies have shown that accidents involving long-
term loss of electric power and subsequent loss of core cooling 
capability can significantly challenge the containment barrier. 

This report evaluates strategies that maintain or enhance the 
containment function in scenarios involving long-term loss of electric 
power. The strategies evaluated include water injection (by flooding 
or spraying), alternative containment heat removal, venting, 
controlled venting, filtered venting, and combinations. Key insights 
from the analysis include the following: 

 No single strategy is effective. No single strategy is optimal in 
retaining radioactive fission products in the containment system. 
The most effective strategies involve combinations of active 
debris cooling strategies and containment venting. Even 
containment vent filters are rendered ineffective when active 
debris cooling strategies are not used. 

 Active core debris cooling is required. Core debris cooling is an 
important element of a robust strategy for mitigating releases. If 
debris cooling is not provided through water injection or spray 
into the drywell, containment failure or bypass is likely. Without 
core debris cooling, the containment can be challenged in several 
ways. Molten debris can come into direct contact with the 
containment wall, melting the liner and providing a release path   
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to the environment. Elevated drywell temperatures in the 
containment atmosphere can cause seals and other containment 
penetrations to fail, leading to containment bypass. Finally, core–
concrete interactions can generate large quantities of 
noncondensable gases that increase containment pressure and 
also can accelerate concrete erosion that could challenge 
containment integrity over time.  

 Existing severe accident management guidelines (SAMGs) 
strategies provide substantial benefit. The strategies defined in 
existing SAMGs provide benefit in reducing radiological 
releases. For example, active debris cooling with containment 
flooding or spraying is addressed in the SAMGs and represents 
an effective element of release reduction strategies for BWR 
Mark I and II containments. Containment venting under severe 
accident conditions is also addressed in the SAMGs and is 
important in providing steam and heat removal in addition to 
release mitigation.   

 Spraying the containment atmosphere is beneficial. Spraying the 
drywell atmosphere reduces the airborne fission products in 
containment. Current and previous analyses confirm that the 
amount of fission products removed using a particular strategy 
(as measured by the decontamination factor [DF]) is higher 
when sprays are used. Sensitivity studies conducted for this 
analysis also confirm that an effective spray pattern can increase 
the overall containment DF by a factor of two, as compared to a 
containment flooding case. 

 Venting prevents uncontrolled release and manages hydrogen. 
The severe accident scenarios evaluated in this report assume that 
core debris is discharged into the containment. As previously 
noted, water is needed to cool the debris The quenching of the 
debris is beneficial; however, it produces a large amount of 
steam.Unless active heat removal systems are available to remove 
the steam, pressurization will continue beyond containment 
design pressure to the point of containment failure. Therefore, 
even if water is available to cool the core debris, containment 
venting is required to avoid containment failure. Venting also 
helps manage the buildup of hydrogen and other noncondensable 
gases generated during the core melting process. Up to 20% of 
the pressure inside containment can be the result of hydrogen 
and other noncondensable gases. Venting maintains the 
containment pressure below the design pressure and removes 
hydrogen and other gases from containment.  
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 Control of the vent provides benefit. The key to controlling the 
amount of radioactive material released to the environment is 
minimizing the amount of contaminants that are airborne in 
containment during venting. Opening and closing the vent at the 
most appropriate times is essential. Such controlled venting 
strategies could be beneficial, but additional analysis is needed to 
more fully understand this option and ensure coordination with 
the plant’s emergency procedures.  

 Low-efficiency filters can further reduce radionuclide releases. 
The analyses conducted for this research indicate that several of 
the combined strategies could reduce radiological releases 
significantly, with DFs greater than 1000. These combined 
strategies could potentially be enhanced by adding a low-
efficiency filter to the vent path to provide additional fission 
product capture. However, the aerosol remaining after using the 
strategies would be composed of much smaller particles, and the 
efficiency of the removal of these very small particles has not 
been demonstrated with current filter designs. Additional 
research is needed to assess the efficacy of current filter designs 
when used in combination with the combined strategies to 
evaluate whether new filter designs significantly change 
radiological releases. 

The research shows that viable methods exist for reducing 
radiological releases and the potential for land contamination from 
postulated severe core damage accidents in BWR Mark I and II 
containments. Many of the strategies would likely be applicable to 
other nuclear reactor types, as well. No single strategy provides 
assurance of reduced releases across the potential spectrum of severe 
accident scenarios. In fact, combinations of debris cooling strategies 
requiring active systems and various containment venting strategies 
appear to provide the greatest benefit. Plant-specific analyses would 
be necessary to optimize implementation. 

Keywords 
Containment filter 
Land contamination 
Radiological release 
Severe accident 

 





 

 ix  

Table of Contents 
 

Section 1: Introduction ............................................. 1-1 
1.1 Conversion Factors ..................................................... 1-3 
1.2 Abbreviations and Acronyms ....................................... 1-3 

Section 2: Technical Background and Approach ....... 2-1 
2.1 Scope of the Analysis ................................................. 2-2 
2.2 Determine Criteria for Comparing Strategies ................. 2-4 
2.3 Identification of Potential Strategies .............................. 2-6 

2.3.1 Existing Severe Accident Management 
Guidelines Strategies .................................................. 2-6 
2.3.2 Other Potential Strategies ................................... 2-8 

2.4 Functional Description of Strategies ............................ 2-10 
2.4.1 Containment Flooding ...................................... 2-10 
2.4.2 Containment Spray .......................................... 2-11 
2.4.3 Alternative Containment Heat Removal ............... 2-11 
2.4.4 Reliable Hardened Vents—Unfiltered ................. 2-12 
2.4.5 Controlled Use of the Reliable Hardened Vents ... 2-12 
2.4.6 Filtered Containment Vents ............................... 2-13 

2.5 Strategy Evaluation Process ....................................... 2-15 
2.6 Influence of Core Damage Scenario on Strategy 
Effectiveness .................................................................. 2-16 

Section 3: Baseline Results ....................................... 3-1 
3.1 BWR Mark I Containment Results ................................. 3-1 

3.1.1 Mark I Containment Description .......................... 3-1 
3.1.2 Baseline Mark I Scenario Definition ..................... 3-4 
3.1.3 Mark I Strategy Evaluations ................................ 3-6 

3.2 BWR Mark II Containment Results .............................. 3-13 
3.2.1 Mark II Containment Description........................ 3-13 
3.2.2 Baseline Mark II Scenario Definition .................. 3-17 
3.2.3 Mark II Strategy Evaluations .............................. 3-21 

3.3 Summary of Baseline Results ...................................... 3-26   



 x  

Section 4: Sensitivity Studies .................................... 4-1 
4.1 Sensitivity to Core Damage Scenario Timing ................. 4-1 
4.2 Sensitivity to Reactor Pressure Vessel Pressure ................ 4-2 
4.3 Sensitivity to Early Containment Venting for 
Hydrogen Control ............................................................ 4-2 
4.4 Sensitivity to Early Containment Venting for Pressure 
Control ........................................................................... 4-3 
4.5 Sensitivity to Spray Effectiveness .................................. 4-4 

4.5.1 Droplet Diameter ............................................... 4-4 
4.5.2 Aerosol Removal Effectiveness ............................. 4-5 

4.6 Sensitivity to Containment Makeup Rates ...................... 4-5 
4.7 Debris Relocation in the Mark II Containment ................ 4-6 
4.8 In-Vessel Recovery ...................................................... 4-6 
4.9 Applicability of Results to Other BWRs with Mark I 
and II Containments ......................................................... 4-7 

Section 5: Insights ................................................... 5-1 
5.1 No Single Strategy Alone is Effective ............................ 5-1 

5.1.1 Active Core Debris Cooling Is Required ................ 5-1 
5.2 Existing Severe Accident Management Guideline 
Strategies Provide Substantial Benefit ................................. 5-2 

5.2.1 Spraying the Containment Atmosphere Is 
Beneficial ................................................................... 5-2 
5.2.2 Venting Prevents Uncontrolled Release and 
Manages Hydrogen .................................................... 5-3 
5.2.3 Control of the Vent Provides Benefit ..................... 5-3 
5.2.4 Early Venting of Noncondensable Gases Can 
Be Beneficial .............................................................. 5-4 
5.2.5 A Low-Efficiency Filter Can Further Reduce the 
Radionuclide Release .................................................. 5-4 
5.2.6 Protection of Drywell–Wetwell Interface in 
Mark II Containment Is Beneficial .................................. 5-5 
5.2.7 Control of the Vent Provides Benefit ..................... 5-5 
5.2.8 Early Venting of Noncondensable Gases Can 
Be Beneficial .............................................................. 5-6 
5.2.9 A Low-Efficiency Filter Can Further Reduce the 
Radionuclide Release .................................................. 5-6 
5.2.10 Protection of Drywell–Wetwell Interface in 
Mark II Containment Is Beneficial .................................. 5-6 

Section 6: References ............................................... 6-1   



 

 xi  

Appendix A: Use of MACCS2 to Define Land 
Contamination Figure of Merit ................. A-1 

A.1 Sensitivity of Land Contamination Estimate to 
Release Magnitude .......................................................... A-3 

Appendix B: Description of Cases for BWR with 
Mark I Containment ................................. B-1 

B.1 No Venting, No Debris Cooling (No Vent) .................... B-1 
B.2 Reliable Hardened Vent, No Debris Cooling (RHV) ........ B-7 
B.3 External Torus Spray with Reliable Hardened Vent, 
No Debris Cooling (ACHR) ............................................. B-11 
B.4 Containment Flooding Without Venting (Flood) ............ B-15 
B.5 Drywell Sprays Without Venting (Spray) ..................... B-19 
B.6 Containment Flooding with Reliable Hardened Vent 
(FloodRHV) .................................................................... B-23 
B.7 Drywell Spray with Reliable Hardened Vent 
(SprayRHV) ................................................................... B-27 
B.8 Containment Flooding with Controlled Reliable 
Hardened Vent (FloodRHVc) ............................................ B-32 
B.9 Spray and Controlled Reliable Hardened Vent 
(SprayRHVc) .................................................................. B-37 

Appendix C: Description of Cases for BWR with 
Mark II Containment ................................ C-1 

C.1 No Venting, No Debris Cooling (NoVent) ................... C-2 
C.2 Reliable Hardened Vent, No Debris Cooling (RHV) ....... C-6 
C.3 Drywell Flooding (Flood) .......................................... C-10 
C.4 Drywell Sprays (Spray) ............................................ C-14 
C.5 Flood and Reliable Hardened Vent (FloodRHV) .......... C-18 
C.6 Containment Spray with Reliable Hardened Vent 
(SprayRHV) .................................................................. C-22 
C.7 Flood and Controlled Reliable Hardened Vent 
(FloodRHVc) ................................................................. C-26 
C.8 Spray and Controlled Reliable Hardened Vent 
(SprayRHVc) ................................................................. C-31 

Appendix D: Description of Sensitivity Analyses .... D-1 
D.1 Sensitivity to Core Damage Scenario Timing ................ D-1 
D.2 Sensitivity to Reactor Pressure Vessel Pressure .............. D-4 
D.3 Sensitivity to Early Containment Venting for 
Hydrogen Control ........................................................... D-6 
D.4 Sensitivity to Early Venting for Pressure Control ............ D-8   



 xii  

D.5 Sensitivity to Spray Effectiveness ............................... D-11 
D.5.1 Water Droplet Diameter .................................. D-11 
D.5.2 Aerosol Removal Efficiency .............................. D-13 

D.6 Sensitivity to Spray Flow Rate ................................... D-16 
D.7 Sensitivity to Core Debris Flow to Suppression Pool .... D-18 
D.8 Sensitivity to In-Vessel Recovery ................................ D-19 
D.9 Sensitivity to Reliable Hardened Vent Sizing .............. D-21 

 



 

 xiii  

List of Figures 
 

Figure 2-1 Determine scope of strategies to mitigate 
radionuclide releases ........................................................ 2-3 

Figure 2-2 Determine combinations of strategies to mitigate 
radionuclide releases ........................................................ 2-9 

Figure 3-1 Representative Mark I containment layout ................. 3-2 

Figure 3-2 Mark I containment response to a severe 
accident .......................................................................... 3-4 

Figure 3-3 Summary of baseline results for BWR with Mark I 
containment ................................................................... 3-12 

Figure 3-4 Representative Mark II containment layout .............. 3-14 

Figure 3-5 Mark II debris location .......................................... 3-16 

Figure 3-6 Mark II design with concrete beneath the reactor 
vessel ........................................................................... 3-17 

Figure 3-7 Representative configuration of BWR Mark II 
containment sump drain lines .......................................... 3-19 

Figure 3-8 Summary of results for representative BWR with 
Mark II containment ........................................................ 3-26 

Figure A-1 Land contamination sensitivity with MACCS2 ........... A-4 

Figure B-1 Mark I, NoVent, drywell pressure ............................. B-3 

Figure B-2 Mark I, NoVent, pool temperature ........................... B-4 

Figure B-3 Mark I, NoVent, cesium iodide drywell vent .............. B-4 

Figure B-4 Mark I, NoVent, cesium iodide wetwell vent .............. B-5 

Figure B-5 Mark I, NoVent, cesium iodide drywell leakage ........ B-5 

Figure B-6 Mark I, NoVent, cesium iodide drywell shell ............. B-6 

Figure B-7 Mark I, RHV, drywell pressure ................................. B-8 

Figure B-8 Mark I, RHV, pool temperature ................................ B-8 

Figure B-9 Mark I, RHV, cesium iodide drywell vent ................... B-9 
  



 xiv  

Figure B-10 Mark I, RHV, cesium iodide wetwell vent ................ B-9 

Figure B-11 Mark I, RHV, cesium iodide drywell leakage ......... B-10 

Figure B-12 Mark I, RHV, cesium iodide drywell shell .............. B-10 

Figure B-13 Mark I, ACHR, drywell pressure ........................... B-12 

Figure B-14 Mark I, ACHR, pool temperature .......................... B-13 

Figure B-15 Mark I, ACHR, cesium iodide drywell vent ............ B-13 

Figure B-16 Mark I, ACHR, cesium iodide wetwell vent ............ B-14 

Figure B-17 Mark I, ACHR, cesium iodide drywell leakage ...... B-14 

Figure B-18 Mark I, ACHR, cesium iodide drywell shell............ B-15 

Figure B-19 Mark I, Flood, drywell pressure ........................... B-16 

Figure B-20 Mark I, Flood, pool temperature .......................... B-17 

Figure B-21 Mark I, Flood, cesium iodide drywell vent ............. B-17 

Figure B-22 Mark I, Flood, cesium iodide wetwell vent ............. B-18 

Figure B-23 Mark I, Flood, cesium iodide drywell leakage ....... B-18 

Figure B-24 Mark I, Flood, cesium iodide drywell shell ............ B-19 

Figure B-25 Mark I, Spray, drywell pressure ........................... B-20 

Figure B-26 Mark I, Spray, pool temperature .......................... B-21 

Figure B-27 Mark I, Spray, cesium iodide drywell vent ............ B-21 

Figure B-28 Mark I, Spray, cesium iodide wetwell vent ............ B-22 

Figure B-29 Mark I, Spray, cesium iodide drywell leakage ....... B-22 

Figure B-30 Mark I, Spray, cesium iodide drywell shell ............ B-23 

Figure B-31 Mark I, FloodRHV, drywell pressure ..................... B-24 

Figure B-32 Mark I, FloodRHV, pool temperature .................... B-25 

Figure B-33 Mark I, FloodRHV, cesium iodide drywell vent ....... B-25 

Figure B-34 Mark I, FloodRHV, cesium iodide wetwell vent ...... B-26 

Figure B-35 Mark I, FloodRHV, cesium iodide drywell 
leakage ........................................................................ B-26 

Figure B-36 Mark I, FloodRHV, cesium iodide drywell shell ...... B-27 

Figure B-37 Mark I, SprayRHV, drywell pressure ..................... B-29 

Figure B-38 Mark I, SprayRHV, pool temperature .................... B-29 

Figure B-39 Mark I, SprayRHV, cesium iodide drywell vent ...... B-30 
  



 

 xv  

Figure B-40 Mark I, SprayRHV, cesium iodide wetwell vent ...... B-30 

Figure B-41 Mark I, SprayRHV, cesium iodide drywell 
leakage ........................................................................ B-31 

Figure B-42 Mark I, SprayRHV, cesium iodide drywell shell ...... B-31 

Figure B-43 Mark I, FloodRHVc, drywell pressure .................... B-34 

Figure B-44 Mark I, FloodRHVc, pool temperature ................... B-34 

Figure B-45 Mark I, FloodRHVc, cesium iodide drywell vent ..... B-35 

Figure B-46 Mark I, FloodRHVc, cesium iodide wetwell vent ..... B-35 

Figure B-47 Mark I, FloodRHVc, cesium iodide drywell 
leakage ........................................................................ B-36 

Figure B-48 Mark I, FloodRHVc, cesium iodide drywell shell ..... B-36 

Figure B-49 Mark I, SprayRHVc, drywell pressure ................... B-39 

Figure B-50 Mark I, SprayRHVc, pool temperature .................. B-39 

Figure B-51 Mark I, SprayRHVc, cesium iodide drywell vent ..... B-40 

Figure B-52 Mark I, SprayRHVc, cesium iodide wetwell vent .... B-40 

Figure B-53 Mark I, SprayRHVc, cesium iodide drywell 
leakage ........................................................................ B-41 

Figure B-54 Mark I, SprayRHVc, cesium iodide drywell shell .... B-41 

Figure C-1 Mark II, No Vent, drywell pressure ......................... C-4 

Figure C-2 Mark II, No Vent, pool temperature ........................ C-4 

Figure C-3 Mark II, No Vent, cesium iodide drywell failure........ C-5 

Figure C-4 Mark II, No Vent, cesium iodide wetwell vent .......... C-5 

Figure C-5 Mark II, No Vent, cesium iodide drywell leakage ..... C-6 

Figure C-6 Mark II, RHV, drywell pressure ............................... C-7 

Figure C-7 Mark II, RHV, pool temperature .............................. C-8 

Figure C-8 Mark II, RHV, cesium iodide drywell failure ............. C-8 

Figure C-9 Mark II, RHV, cesium iodide wetwell vent ................ C-9 

Figure C-10 Mark II, RHV, cesium iodide drywell leakage ......... C-9 

Figure C-11 Mark II, Flood, drywell pressure ......................... C-11 

Figure C-12 Mark II, Flood, pool temperature ........................ C-12 

Figure C-13 Mark II, Flood, cesium iodide drywell failure ....... C-12 
  



 xvi  

Figure C-14 Mark II, Flood, cesium iodide wetwell vent .......... C-13 

Figure C-15 Mark II, Flood, cesium iodide drywell leakage ..... C-13 

Figure C-16 Mark II, Spray, drywell pressure ......................... C-15 

Figure C-17 Mark II, Spray, pool temperature ........................ C-15 

Figure C-18 Mark II, Spray, cesium iodide drywell failure ....... C-16 

Figure C-19 Mark II, Spray, cesium iodide wetwell vent .......... C-16 

Figure C-20 Mark II, Spray, cesium iodide drywell leakage .... C-17 

Figure C-21 Mark II, FloodRHV, drywell pressure ................... C-19 

Figure C-22 Mark II, FloodRHV, pool temperature .................. C-19 

Figure C-23 Mark II, FloodRHV, cesium iodide drywell vent .... C-20 

Figure C-24 Mark II, FloodRHV, cesium iodide wetwell vent .... C-20 

Figure C-25 Mark II, FloodRHV, cesium iodide drywell 
leakage ....................................................................... C-21 

Figure C-26 Mark II, Spray RHV, drywell pressure .................. C-23 

Figure C-27 Mark II, Spray RHV, pool temperature................. C-23 

Figure C-28 Mark II, Spray RHV, cesium iodide drywell vent ... C-24 

Figure C-29 Mark II, Spray RHV, cesium iodide wetwell vent ... C-24 

Figure C-30 Mark II, Spray RHV, cesium iodide drywell 
leakage ....................................................................... C-25 

Figure C-31 Mark II, FloodRHVc, drywell pressure ................. C-28 

Figure C-32 Mark II, FloodRHVc, pool temperature ................ C-28 

Figure C-33 Mark II, FloodRHVc, cesium iodide drywell vent ... C-29 

Figure C-34 Mark II, FloodRHVc, cesium iodide wetwell vent... C-29 

Figure C-35 Mark II, FloodRHVc, cesium iodide drywell 
leakage ....................................................................... C-30 

Figure C-36 Mark II, SprayRHVc, drywell pressure ................. C-32 

Figure C-37 Mark II, SprayRHVc, pool temperature ................ C-33 

Figure C-38 Mark II, SprayRHVc, cesium iodide drywell vent .. C-33 

Figure C-39 Mark II, SprayRHVc, cesium iodide wetwell 
vent ............................................................................. C-34 

Figure C-40 Mark II, SprayRHVc, cesium iodide drywell 
leakage ....................................................................... C-34 

  



 

 xvii  

Figure D-1 Mark I, RCIC run time, drywell pressure .................. D-2 

Figure D-2 Mark I, RCIC run time, cesium iodide released 
through wetwell vent ........................................................ D-3 

Figure D-3 Mark I, RCIC run time, cesium iodide released 
through drywell vent ........................................................ D-4 

Figure D-4 Mark I, RCS pressure, cesium iodide released 
through wetwell vent ........................................................ D-5 

Figure D-5 Mark I, RCS pressure, cesium iodide released 
through drywell vent ........................................................ D-6 

Figure D-6 Early containment venting, drywell pressure ............. D-7 

Figure D-7 Early containment venting, cesium iodide release 
through wetwell vent ........................................................ D-8 

Figure D-8 Early containment venting, drywell pressure ............. D-9 

Figure D-9 Early containment venting, cesium iodide wetwell 
vent ............................................................................. D-10 

Figure D-10 Early containment venting, cesium iodide 
drywell vent .................................................................. D-11 

Figure D-11 Mark I, droplet diameter, cesium iodide 
released through wetwell vent ......................................... D-12 

Figure D-12 Mark I, droplet diameter, cesium iodide 
released through drywell vent ......................................... D-13 

Figure D-13 Aerosol capture efficiency using sprays ............... D-14 

Figure D-14 Aerosol removal efficiency, cesium iodide 
release fraction through drywell vent ............................... D-15 

Figure D-15 Aerosol removal efficiency, total cesium iodide 
release fraction ............................................................. D-16 

Figure D-16 Spray flow rate, cesium iodide release fraction 
through wetwell vent ...................................................... D-17 

Figure D-17 Spray flow rate, total drywell aerosol removal 
rate ............................................................................. D-18 

Figure D-18 Core debris overflow, cesium iodide release 
fraction through drywell vent .......................................... D-19 

Figure D-19 In-vessel recovery, cesium iodide release 
fraction through wetwell vent .......................................... D-20 

Figure D-20 In-vessel recovery,drywell pressure ...................... D-20 

 





 

 xix  

List of Tables 
 

Table 1-1 Conversion factors .................................................. 1-3 

Table 2-1 Applicability of Existing Severe Accident 
Management Guideline Strategies to Release Mitigation 
(BWR Mark I and II Only) ................................................. 2-7 

Table 2-2 Strategy Summary ................................................. 2-14 

Table 2-3 Effectiveness of Strategies for Representative BWR 
Scenario Types .............................................................. 2-18 

Table 3-1 Common Elements of the Mark I Evaluation Cases ...... 3-5 

Table 3-2 Common Elements of the Mark II Evaluation Cases ... 3-20 

Table 3-3 Summary of Baseline Strategy Results ...................... 3-28 

Table B-1 No Venting—Chronology of Events ........................... B-2 

Table B-2 Plotted Variable Definitions ...................................... B-3 

Table B-3 Reliable Hardened Vent—Chronology of Events ......... B-7 

Table B-4 Alternate Containment Heat Removal—
Chronology of Events ..................................................... B-12 

Table B-5 Flood—Chronology of Events ................................. B-16 

Table B-6 Spray—Chronology of Events ................................. B-20 

Table B-7 Flood and Reliable Hardened Vent—Chronology 
of Events ....................................................................... B-24 

Table B-8 Spray and Reliable Hardened Vent—Chronology 
of Events ....................................................................... B-28 

Table B-9 Flood and Controlled Reliable Hardened Vent—
Chronology of Events ..................................................... B-33 

Table B-10 Spray and Controlled Reliable Hardened Vent—
Chronology of Events ..................................................... B-38 

Table C-1 No Venting—Chronology of Events ......................... C-2 

Table C-2 Plotted Variable Definitions ..................................... C-3 
  



 xx  

Table C-3 Reliable Hardened Vent—Chronology of Events ........ C-7 

Table C-4 Flood—Chronology of Events ................................ C-11 

Table C-5 Spray—Chronology of Events ............................... C-14 

Table C-6 Flood and Reliable Hardened Vent—Chronology 
of Events ...................................................................... C-18 

Table C-7 Spray and Reliable Hardened Vent—Chronology 
of Events ...................................................................... C-22 

Table C-8 Flood and Controlled Reliable Hardened Vent—
Chronology of Events .................................................... C-27 

Table C-9 Spray and Controlled Reliable Hardened Vent—
Chronology of Events .................................................... C-32 

Table D-1 Key Event Timing for Reactor Core Isolation 
Cooling Sensitivity ........................................................... D-2 

Table D-2 Key Event Timing for Reactor Pressure Vessel 
Pressure Sensitivity .......................................................... D-5 

 

 



 

 1-1  

 

Section 1: Introduction 
The accident at Fukushima Dai-ichi resulted in severe accidents involving core 
damage at three nuclear units and the release of radioactive fission products from 
the containments. There is no evidence that these accidents will have a long-term 
effect on public health and safety; however, the accident did result in widespread 
contamination of surrounding areas, both on-site and off-site. This has led to the 
investigation of strategies for minimizing releases resulting from severe core 
damage events.  

The purpose of this research is to investigate potential strategies for reducing the 
environmental and public health effect consequences of severe reactor accidents 
such as those that occurred in Japan. This research consists of the following: 

 Identification of factors influencing the risk of radiological releases 

 Identification of potential strategies for minimizing radiological releases in 
the event of a severe accident 

 Identification of the potential benefits and limitations of existing, enhanced, 
and new potential severe accident management strategies 

 Analysis of the quantitative benefit of identified strategies in reducing 
radiological releases in representative severe accident scenarios 

The focus of this report is on the objective comparison of a range of strategies for 
BWRs with Mark I and II containments that can be useful in minimizing 
releases of fission products. Although the current scope is limited, the 
methodology can be applied for other containment types, and the strategies and 
insights from this study might be applicable, as well.  

The initial conditions for this analysis assume that core damage has occurred and 
that the totality of plant actions to prevent core damage has not been successful. 
This is a conservative set of assumptions that is useful for comparing different 
mitigation strategies. In reality, emergency procedure guideline and severe 
accident management guideline (SAMG) procedures augmented by diverse and 
flexible mitigation capability (FLEX) strategies are expected to prevent core 
damage or substantially ameliorate radiological consequences by delaying the 
onset of core damage [1, 2]. The FLEX strategies and equipment might also be 
effective in mitigating radiological releases. The principles of defense-in-depth   



 

 1-2  

are applied in the mitigation of design-basis events to prevent severe accident 
conditions. These principles are equally applicable to the strategies, features, or 
methods to mitigate the effects of a severe accident in addition to preventing 
such an accident.  

Industry experts with an appreciation of the severe accident phenomena 
associated with the damage of the reactor core and the subsequent release of 
radionuclides from containment results identified several possible strategies to 
prevent land contamination. This report investigates those strategies, which 
include the following: 

 Spraying the containment atmosphere 

 Flooding the containment 
 Venting through a reliable hardened vent (RHV), including early venting 

 Active controlling of an RHV  

 Filtering the effluent of an RHV 

 Providing alternative containment cooling 

 Combinations of the above 

The process used to assess the mitigation of radioactive release is a stepwise 
approach that begins with establishing a figure of merit, establishing a 
representative accident sequence, and then evaluating the functional impact of 
different strategies and providing insights on methods to avert radionuclide 
releases that contribute to land contamination following a severe accident. The 
end product of this technical report is a set of strategies and functions that can be 
used individually or collectively to reduce radiological releases and limit land 
contamination.  

Plant-specific features play a role in the effectiveness of a particular release 
mitigation strategy; therefore, entirely generic conclusions for any particular 
containment design might not be achievable. Evaluation of mitigation 
strategies—such as combinations of ex-vessel core debris cooling (containment 
sprays or flooding), venting, and filtering—might offer varying advantages for 
any given plant configuration. This report evaluates the effectiveness of strategies 
for minimizing land contamination, given that the core damage event has already 
occurred. When a plant evaluates the effectiveness of strategies, the equipment 
procured for FLEX should be considered along with existing and proposed 
equipment. 
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1.1 Conversion Factors 

Table 1-1 lists conversion factors for the measurements used in this report. 

Table 1-1 
Conversion factors 

Parameter Conversions 

Area 1 in2 = 6.45 cm2  
1 ft2 = 929 cm2 

Distance 1 ft = 0.305 m 
1 in. = 2.54 cm 
1 km = 0.62 mi 
1 μm = 0.039 mil 

Flow 1 gpm = 3.785 lpm 

Pressure 1 psia = 6.89 kPa 
1 psig = 6.89 kPaG 
psia = psig + 14.7 
psig = psia – 14.7 

Temperature °F = (°C x 9/5) + 32 
°C = (°F – 32) x 5/9 

Velocity 1 m/sec = 3.28 ft/sec 

Volume 1 ft3 = 0.028 m3  

1.2 Abbreviations and Acronyms 

The following abbreviations and acronyms are used in this report: 

ACHR  alternative containment heat removal 
BWROG BWR Owners Group 
CCI  core–concrete interaction 
DF  decontamination factor 
ECLC  economic consequences of land contamination 
EOP  emergency operating procedures 
EPRI  Electric Power Research Institute 
LOCA  loss-of-cooling accident 
NSSS  nuclear steam supply system 
PCPL  primary containment pressure limit 
PWROG PWR Owners Group 
RCS  reactor coolant system  
RCIC  reactor core isolation cooling 
RHV  reliable hardened vent 
RPV  reactor pressure vessel 
SAMA  severe accident mitigation alternatives 
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SAMG  severe accident management guideline 
SBO   station blackout 
SRV  safety relief valve 
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Section 2: Technical Background and 
Approach 

When considering strategies for reducing the overall risk of radiological release 
from severe accidents, it is important to first consider all the factors influencing 
radiological release risks. A comprehensive view of accident prevention and 
mitigation addresses the following:  

 Protection of facilities from extreme natural phenomena  

 Prevention of fuel damage through design-basis features  

 Prevention of fuel damage through beyond-design-basis measures  

 Arrest of the accident progression with severe accident management actions  

 Minimization of radionuclide release with severe accident management 
actions 

The most effective way to minimize the potential for significant radiological 
release from nuclear power plant severe accidents is to prevent the severe accident 
from occurring in the first place. This is the focus of the first three of the above 
facets. Many aspects of these are being addressed in the Nuclear Regulatory 
Commission’s tier 1 response actions [3], including the reevaluation of seismic 
and flooding design bases, confirmation of margin within the existing designs to 
provide confidence that design-basis features are robust, and creation of 
enhanced mitigation capabilities for beyond-design-basis external events 
(FLEX). As these tier 1 activities are completed, they collectively will result in a 
significant enhancement to the protections and level of defense-in-depth of U.S. 
plants. The focus of this report is to investigate the last two facets of the 
comprehensive view by identifying and evaluating various strategies focused on 
reducing or eliminating challenges to containment integrity that lead to 
radiological releases. All U.S. plants have symptom-based SAMGs that already 
include strategies that can reduce the likelihood of containment failure and the 
magnitude of any resulting radiological release. In addition, other enhancements, 
such as various types of filters for containment vents, that might also be effective 
have been proposed by researchers and regulators.  

Avoiding and minimizing significant radiological releases serves to protect public 
health and safety from radiological releases, and this continues to be the primary 
focus of reactor safety. However, the accident at Fukushima Dai-ichi has also 
identified that, even without significant health effects, a severe reactor accident 
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can have significant economic consequences through contamination of 
surrounding land and displacement of local populations. It is this aspect of severe 
accident consequences that is considered in this report—how various strategies 
can minimize the potential for land contamination.  

This research focuses on the following technical aspects of radiological release 
risks: 

 Scope of the analysis 

 Objective criteria for comparing strategies 

 Potential strategies for minimizing radiological releases 

 General benefits and limitations of strategies 

 Benefit of identified strategies for representative severe accident scenarios 

2.1 Scope of the Analysis 

Figure 2-1 provides a logic framework that illustrates the scope of severe reactor 
accident events that create conditions that challenge containment integrity. The 
consideration of radionuclide release mitigation strategies starts with the universe 
of all beyond-design-basis events; the presumption is that there is no appreciable 
potential for land contamination for design-basis events. These events can 
initially be divided into two groups: 

 Beyond-design-basis events in which core damage is prevented by design-
basis margins and beyond-design-basis capabilities such as FLEX 

 Beyond-design-basis events in which core damage occurs when all other 
protections and capabilities have failed 

Based on the aggregate of the plant-specific nuclear power plant probabilistic risk 
assessments available, the larger group by far is the group of beyond-design-basis 
events in which core damage is prevented. The events in this group also have 
negligible potential to cause land contamination, even in those BWR scenarios in 
which the containment barrier has been breached to prevent core damage (that is, 
containment vented to remove decay heat).  

The second group represents those scenarios that have the potential to lead to 
land contamination. This group is, in turn, divided into two categories: 

 Release from containment directly affected by mitigation strategies 
considered 

 Release from containment not directly affected by mitigation strategies 
considered 
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Figure 2-1 
Determine scope of strategies to mitigate radionuclide releases 
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Dividing scenarios among these categories is not as simple as the division of the 
groups because the mitigation strategies do not always have the same effects for 
all plants or plant types for all scenarios. To help resolve this, we define what is 
meant by affected by mitigation strategies considered. For this report, it is defined as 
scenarios in which the containment boundary is the principal barrier to fission 
product release. In other words, the scenario does not include a containment 
bypass at the time of core damage (such as an interfacing system loss-of-cooling 
accident [LOCA]). In addition, it was determined that core damage events 
initiated by anticipated transient without scram are beyond the scope of this 
study. Core damage sequences that can result in loss of containment integrity due 
to dynamic events (such as high-pressure melt ejection) are excluded from 
consideration because there are limited effective mitigation strategies, and these 
events represent a small fraction of core damage challenges to containment 
integrity. The scenarios considered are those in which effective strategies, 
including a range of possible hardware modifications, can be implemented to 
improve containment performance so that it reduces the likelihood and 
magnitude of radiological releases. This partitioning leads to the conclusion that 
station blackout (SBO) events or events similar to SBO events (such as loss of 
multiple frontline or key support systems) should be the focus in analyzing the 
reduction of fission products that result in land contamination. Similar strategies 
would work for most other transients and LOCAs, although with power 
available, the operators might have many more options available for 
implementing the strategies. 

The scenarios selected for the scope of this paper are those that involve an 
extended SBO at a representative plant (that is, an SBO lasting for an indefinite 
period). The initiating event could be the loss of the off-site electrical grid or an 
external event such as a beyond-design-basis earthquake or severe external flood. 
For the investigation of mitigation strategies, the scenarios are all assumed to 
progress to core damage so that the containment barrier is challenged. Other 
initiating events were considered, but they also result in challenging the 
containment by overpressure and have the need for ex-vessel core debris cooling, 
although the timing might be different from that of the extended SBO case. 
Various extended SBO scenarios were investigated to assess the robustness of the 
mitigation strategies across a spectrum of reactor and containment conditions. 
The details of the specific scenarios analyzed are described in Sections 3 and 4. 

2.2 Determine Criteria for Comparing Strategies 

To effectively evaluate strategies, there must be an objective figure of merit for 
reduction of land contamination. Various factors influence the potential for land 
contamination following a severe accident, including the amount of radioactive 
material released, the nature of the radioactive material released, the topology 
surrounding the plant site, and the prevailing weather near the plant site. Of 
these factors, the amount and nature of the release from the containment 
boundary can be compared and contrasted for the various mitigation strategies. 
The other phenomena and features that affect land contamination are assumed to 
be constant among the strategies to provide a fair relative comparison of strategy 
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effectiveness. Therefore, comparing the release fraction (that is, the fraction of 
the total reactor core inventory of a radioactive constituent that is released to the 
environment) of the strategies provides an objective basis for the comparison.  

This report assumes that the fraction of cesium (Cs) released to the environment 
can be correlated to the magnitude of land contamination. Appendix A provides 
describes and justifies the use of this assumption. When comparing the 
effectiveness of the strategies for reducing the release fraction of radioactive 
materials from the containment, it is often useful to refer to an overall 
decontamination factor (DF). Although differences in the reactor core size might 
impact the absolute magnitude of the release, the focus of this analysis is on 
containment system performance, so a relative measure such as DF is 
appropriate. An overall DF is defined as 1/Cs release fraction1; it represents the 
ability of the plant systems to contain the radionuclide releases from the core.  

Consider two strategies—one results in a DF of 10, and the other results in a DF 
of 1000 for Cs. In the first strategy, one-tenth (0.1) of the total mass of Cs 
contained in the core is released to the environment. In the second strategy, one 
one-thousandth (0.001) of the total mass of Cs contained in the core is released 
to the environment. In this report, DF is reported for each strategy or 
combination of strategies. A strategy with a higher DF is considered more 
effective in reducing radiological releases than one with a lower DF. 

Appendix A shows the correlation between DF and estimated land 
contamination. As the DF increases, there is a substantial reduction in land 
contamination, up to a DF of around 1000. For values greater than 1000, the 
reduction in contaminated land diminishes. The analyses in this report are done 
using a generic plant configuration, so any particular strategy could have a 
different DF for a specific plant configuration; however, the difference is not 
expected to be significant. 

Furthermore, the available literature implies that DFs greater than 1000 are 
difficult to accurately measure experimentally and are more difficult to predict by 
correlations or computer codes. In this report, strategies are pursued if they are 
capable of achieving a DF of 1000. Strategies that result in a DF greater than 
1000 are considered viable. Some strategies in this report predict DFs that well 
above 1000. Given the uncertainty associated with very high predicted DFs, great 
care should be taken in drawing conclusions about the relative benefit of 
strategies that show a DF above 1000—that is, it is not necessarily clear that a 
computation showing a DF of 100,000 will yield substantially lower releases and 
land contamination consequences than one with a DF of 1000 to 10,000. 

                                                                 
1 The Modular Accident Analysis Program, version 4, (MAAP4) tracks chemical compositions of 
CsI and CsOH. More recent studies imply that Cs2MoO4 is also a significant chemical 
composition of Cs. Cs2MoO4 is less volatile than the iodine and remains deposited on in-vessel 
structures at significantly higher temperatures, so the predictions in this report are considered to be 
bounding. 
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2.3 Identification of Potential Strategies 

The identification of potential strategies looked at both existing strategies and 
potential plant enhancements. The following two primary functions must be 
addressed for mitigating a core damage event:  

• Core debris, either confined to the reactor vessel or discharged into 
containment, must be cooled to arrest the progression of the accident, 
prevent core–concrete interaction (CCI), and maintain acceptable 
containment temperatures. Without addressing this function, mitigation 
strategies will not provide the desired result.  

• Pressure control of containment, achieved either through alternate heat 
removal or venting, is required to maintain the containment boundary for the 
long term. 

2.3.1 Existing Severe Accident Management Guidelines 
Strategies 

The starting point for the identification of potential release mitigation strategies 
is the existing SAMGs. All U.S. plants already have procedures and guidance 
that implement SAMGs when core damage is imminent.  

Table 2-1 provides a summary assessment of applicability of the strategies 
contained in the SAMGs to radiological release mitigation. Although all these 
strategies can influence event progression, only the following three have direct 
applicability to the mitigation of radiological releases from containment: 

 Spray into containment 

 Inject into containment 

 Vent containment 
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Table 2-1 
Applicability of Existing Severe Accident Management Guideline Strategies to 
Release Mitigation (BWR Mark I and II Only) 

Severe Accident 
Management 

Guidelines 
Strategy 

Directly 
Applicable? 

Basis 

Inject into (make up 
to) reactor pressure 
vessel (RPV) or reactor 
coolant system (RCS) 

N For cooling of degraded core in-vessel. 
Considered indirectly as part of strategy 
to inject into containment after RPV failure 

Depressurize the RPV 
or RCS 

N For cooling of degraded core in-vessel. 
Does not directly impact containment DF 

Spray within the RPV  N For cooling of degraded core in-vessel. 
Considered indirectly as part of strategy 
to inject into containment after RPV failure 

Restart reactor coolant 
pumps 

N Not applicable (PWR strategy) 

Depressurize steam 
generators 

N Not applicable (PWR strategy) 

Inject into (feed) the 
steam generators 

N Not applicable (PWR strategy) 

Spray into 
containment 

Y Cools or quenches ex-vessel core debris, 
reduces containment temperature, and 
removes aerosol fission products from 
containment atmosphere 

Inject into 
containment 

Y Cools or quenches ex-vessel core debris 
and reduces containment temperature 

Operate fan coolers N BWR fan coolers are not of sufficient size 
to remove decay heat from containment  

Operate recombiners N BWR Mark I and II containments are inert 

Operate igniters N BWR Mark I and II containments are inert 

Inert containment with 
noncondensables 

N BWR Mark I and II containments are inert 

Vent containment Y Prevents overpressurization of 
containment, and relies on suppression 
pool to scrub fission products 

Spray secondary 
containment 

N Secondary containment DF not 
considered 

Flood secondary 
containment 

N Not effective for the scenarios of interest 
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2.3.2 Other Potential Strategies 

The process for selecting other potential strategies for reducing radiological 
releases involved an elicitation of industry experts in severe accident phenomena 
and modeling. To this end, the BWR Owners Group and PWR Owners Group  
developed lists of mitigation strategies for their containment designs. The 
strategies were reviewed by the team to ensure that all reasonable options were 
covered and to identify any commonalities among the plant and containment 
types. The review identified a manageable number of functional strategies that 
apply to all plant types. For example, containment flooding to cover the core 
debris can be accomplished by various system configurations in any given plant. 
In addition, the effects of containment flooding on reducing fission product 
release can be characterized generically (at an order-of-magnitude level of 
resolution). 

In addition to the strategies in the existing SAMGs, the experts identified the 
following additional strategies for investigation: 

 Alternative containment heat removal (ACHR) 

 Controlled venting using the RHV 

 Filtering of containment vents 

 Venting through external water pools (this option is considered as part of a 
filtered vent system) 

It was also determined that the evaluation should consider combinations of the 
functional strategies as well as the individual functional strategies. The objective 
was to determine which functional strategies (or combination of strategies) have 
the capability to significantly reduce the amount of Cs released, thereby avoiding 
land contamination.  

Figure 2-2 shows the strategies and combinations of strategies that were 
analyzed. The middle row of the figure gives the major containment protection 
function. Beneath each entry in that row is a set of functions that is paired with 
the major protection function. Entries shaded in light green represent 
combinations of strategies that, if successful, will maintain containment integrity. 
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Figure 2-2 
Determine combinations of strategies to mitigate radionuclide releases 
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2.4 Functional Description of Strategies 

The review of existing SAMGs and solicitation of Owners’ Group experts 
identified strategies for investigation, individually and in logical combination: 

 Inject to containment (containment flooding) 

 Spray containment 

 ACHR 

 RHV, unfiltered 

 Controlled use of RHV 

 Filtered vents 

These strategies are described in the following subsections. 

2.4.1 Containment Flooding 

For core damage accidents in which the accident progression cannot be arrested 
before reactor vessel failure, the core debris exiting the vessel will begin to attack 
the concrete floor and basemat. If there is insufficient water in the region of the 
containment beneath the reactor vessel, the concrete attack will produce the 
following:  

 High temperatures that can affect the integrity of the containment 

 Noncondensable gases that will pressurize the containment 

 Additional hydrogen that can challenge containment integrity if ignited 
(which can fail containment even with venting in progress)  

 An eventual failure of the containment basemat 

Flooding containment provides water to the containment to quench ex-vessel 
core debris and maintain it in a cooled configuration, thereby preventing the 
negative impacts, and enables other mitigation strategies to be effective. 
Containment flooding is an enabler for all mitigation strategies. 

Advantages: Flooding can provide essential core debris cooling and prevent 
containment failures due to elevated temperatures and direct core debris attack of 
containment boundary. Flooding enables success of additional release mitigation 
strategies. Cooling of core debris helps to retain radionuclides within the 
designed containment barrier. 

Disadvantages: This strategy requires a reliable flooding system. Over the long 
term, flooding might require consideration of inventory control.  
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2.4.2 Containment Spray 

BWR Mark I and II containments have spray headers that are used to control 
containment pressure and fission product releases due to containment leakage for 
design-basis accidents. The principle of operation is to provide a steady supply of 
subcooled water droplets in the containment atmosphere to condense steam and 
thereby control containment pressure. Containment spray can also be used to 
scrub the fission products from the containment atmosphere before venting, 
thereby reducing the fission product release. Use of containment spray in this 
application is similar to the design-basis modes, except that the water flow rates 
need not be nearly as great as for design-basis events. Because sprays are 
removing fission products from the containment atmosphere, they are effective 
even before vessel failure in reducing the magnitude of fission products that 
might be vented, regardless of the status of the RPV. Although containment 
spray is also a means to provide water to flood the containment, that function is 
described separately.  

Advantages: Containment sprays reduce airborne radionuclide concentrations, 
which reduces any subsequent release. Sprays also provide needed core debris 
cooling. Spraying of the containment atmosphere and core debris helps retain the 
radionuclides within the designed containment barrier. 

Disadvantages: This strategy requires a reliable spray system. When a low-flow 
supply source is used, the aerosol removal effectiveness of sprays can be degraded 
due to the design capacity of existing spray nozzles. Over the long term, 
containment spray from an external source might require consideration of 
containment inventory control. 

2.4.3 Alternative Containment Heat Removal 

ACHR refers to methods to provide sufficient heat removal from the 
containment to prevent containment from pressurizing to the point at which 
integrity is challenged. This can include (but is not limited to) the following:  

 Internal heat removal methods, such as large fan cooler units  

 External spraying of steel shell containments  

 Cooling loops with heat exchangers on water recirculation loops (such as 
emergency core cooling system or spray). 

Advantages: Alternative containment cooling enables radionuclides to be 
contained within the design containment barrier. 

Disadvantages: This strategy requires the degree of CCI to be limited to avoid 
pressurization due to noncondensables. It could be complex to sustain over the 
long term.  
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2.4.4 Reliable Hardened Vents—Unfiltered 

A hardened vent is one that is designed to provide a vent path that will maintain 
its integrity under severe accident conditions (high temperatures, pressures, and 
flow rates). All U.S. Mark I containments have hardened containment venting 
systems, and these are filtered using the scrubbing effect of the suppression pool. 
Other nonhardened venting pathways, including drywell vents, are present in 
Mark I and Mark II containments that could result in releases in undesired plant 
locations if venting is performed at containment pressures above the pressure 
retention capability of the pathway. A few Mark I containments have a hardened 
drywell vent capability. Currently, the Mark I containments have varying degrees 
of capability to vent for extended SBO conditions. Some are designed to open 
automatically through a rupture disk and vent when the containment reaches a 
preset pressure (such as 60 psig). Others are opened manually by station 
operators under the direction of plant procedures. Typically, the vent is opened 
when the containment reaches a predetermined pressure. Some RHVs are 
designed to be able to reclose following venting under severe accident conditions.  

Advantages: When used in conjunction with suppression pool scrubbing and 
core debris cooling, an RHV can significantly reduce the amount of radioactive 
material that is released. The timing of the release can be controlled by plant 
personnel. All Mark I and Mark II plants already include a containment vent in 
their design and procedures. 

Disadvantages: Vent path alone does not provide significant reduction in 
radionuclide release. Radionuclides are transferred outside the defined 
containment barrier. Unfiltered venting does not affect noble gas release. If the 
vented gas is not scrubbed in containment, accessibility to equipment needed for 
accident mitigation on the site can be hindered due to high radiation in the 
location near the vent path and near the filter itself. 

2.4.5 Controlled Use of the Reliable Hardened Vents 

This strategy is an implementation approach for the RHV that involves control 
of containment pressure within an elevated band—below containment design 
pressure limits but not fully depressurized. The advantage of this strategy is that 
it contains fission products in the containment longer to allow natural and active 
fission product removal mechanisms to further scrub (filter) the containment 
atmosphere. This enhances the overall containment DF, but it might require 
hardware modifications to support control of containment pressure in the desired 
band.  

Advantages: This strategy enhances capability to keep fission products inside the 
containment and reduces the initial release versus the release that would occur 
with a fully open (for example, rupture disk) use of the vent.  
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Disadvantages: Vent path alone does not provide significant reduction in 
radionuclide release. Radionuclides are transferred outside the defined 
containment barrier. Unfiltered venting does not affect noble gas release. If the 
vented gas is not scrubbed in containment, accessibility to equipment needed for 
accident mitigation on the site can be hindered due to high radiation in the 
location near the vent path and near the filter itself. 

2.4.6 Filtered Containment Vents 

A number of filtering designs are currently available in the industry that provide 
removal of radionuclides from RHV paths before release to the environment. 
Typically, they consist of a holdup tank that is external to the containment and a 
mechanism that provides mechanical and/or chemical scrubbing. These designs 
have varying levels of radionuclide removal efficiency that serve to reduce the 
release of radioactive aerosols and particulates to the environment. Filters do not 
mitigate the release of noble gas radionuclides.  

Advantages: For releases directed through the vent, a reduction in release 
magnitude for specific radionuclides is reliable and predictable.  

Disadvantages: A filtered vent does not address a variety of potential 
containment leak pathways and can have limited impact on the overall releases 
from some severe accidents (that is, severe accidents that are outside the scope of 
this report). Filtered venting does not affect noble gas release. Radionuclides are 
transferred outside the defined containment barrier and can involve elevated 
source terms in undesired locations. If the vented gas is not scrubbed in 
containment, accessibility on the site can be hindered due to high radiation in the 
location near the vent path and near the filter itself. 

None of these strategies represent a panacea. That is, each potential strategy has 
both benefits and limitations in mitigating radiological releases. Table 2-2 
provides a brief summary of the benefits and limitations of each strategy.  
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Table 2-2 
Strategy Summary 

Strategy Severe Accident Function Release Mitigation Benefit Potential Limitations 

Containment flooding 
(inject into containment) 

• Cool ex-vessel core debris 
• Reduce magnitude of fission 

products released to 
containment atmosphere 

• Protect containment boundary 
• Reduce release magnitude for 

many scenarios 

• Use of external water for makeup creates 
need for inventory control and might 
require hardened drywell vent 

Containment spray  • Cool ex-vessel core debris 
• Remove fission products from 

containment atmosphere 

• Protect containment boundary 
• Reduce release magnitude for 

many scenarios 

• Use of external water for spray creates 
need for inventory control and might 
require hardened drywell vent 

ACHR • Maintain containment boundary 
and avoid even controlled 
releases 

• Limit release to leakage • Might not always be readily feasible, 
depending on plant design 

• Requires limited CCI to be successful  

RHV – unfiltered • Remove fission products from a 
controlled release to reduce 
pressure and maintain 
containment boundary 

• Reduce release magnitude for 
selected scenarios 

• Not effective if containment boundary is 
compromised 

• Might require enhanced design or 
instrumentation 

Controlled use of the 
RHV 

• Same as RHV • Greater reduction in release 
magnitude than RHV for 
selected scenarios in which 
RHV is effective 

• Not effective if containment boundary is 
compromised 

Filtered vents • Remove fission products from a 
controlled release to maintain 
containment boundary 

• Reduce release magnitude for 
selected scenarios 

• Not effective if containment boundary is 
compromised 

Combinations of the 
above 

• Varies, depending on 
combination 

• Some combinations are 
synergistic, such as flood and 
ACHR 

• Varies, but generally greater 
than individual strategy 

• Varies, depending on combination 
• Some combinations can effectively 

eliminate limitations of individual strategies 
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2.5 Strategy Evaluation Process 

It is recognized that the effectiveness of the strategies can vary due to plant and 
containment type. For this analysis, subdividing the analyses into major plant and 
containment types is sufficient to obtain order-of-magnitude comparisons of the 
DF achieved by the strategies.  

MAAP version 4.0.6 is used to predict the fraction of Cs released to the 
environment for the various cases based on a representative plant [4, 5]. 
Sensitivity studies are used to look at some key scenario and design feature 
variability. The scenario time frame for each case is long enough to estimate the 
total amount of Cs that would be expected to be released to the environment. 
Total releases include releases due to venting and, if applicable, containment 
failure. It also includes releases due to the maximum containment leakage limited 
by plant technical specifications. 

MAAP version 4.0.6 is a suitable tool to assess and compare the relative 
magnitude of Cs release for a variety of accident scenarios. The code is currently 
maintained by the Electric Power Research Institute (EPRI), and it is widely 
used by utilities around the world to estimate the response to a severe core 
damage event. The code has undergone an extensive amount of validation and 
has been demonstrated to agree with the majority of accident predictions 
performed by the Nuclear Regulatory Commission with their severe accident 
codes. 

For each containment type, a base case is defined to represent an extended SBO 
event that results in core damage and ultimately containment failure. Sensitivity 
analyses are established to account for variations predicted in the scenarios from 
existing probabilistic risk assessments. Cases are then established for each 
functional strategy and the combinations of strategies shown in Figure 2-2. In 
some cases, the performance of a strategy (such as DF for a vent filter) is an 
important factor in determining its effectiveness. For these cases, parameters 
associated with the performance of the feature are investigated to give an 
effectiveness range for the strategy. The specific implementation of the strategy 
can impact its effectiveness (for example, the pressure at which venting starts). 

When determining which strategies are viable for avoiding significant release and 
associated land contamination, the fraction of Cs released to the environment 
over the course of the accident provides the figure of merit. If some strategies 
show that a large fraction of the Cs is released to the environment even with the 
mitigation features installed, these strategies are considered ineffective. Costs and 
potential design considerations for these strategies are not considered in this 
report. 
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2.6 Influence of Core Damage Scenario on Strategy 
Effectiveness 

The nature of the BWR core damage scenario and plant-specific design details 
can impact the effectiveness of a particular strategy. In simple terms, consider the 
following spectrum of five types of core damage scenarios 

 Dry/SBO. These scenarios involve core damage without water available for 
injection into the containment. An extended SBO scenario is a typical 
example of a dry core damage scenario. After the water in the RPV has 
boiled off and core damage progresses, there is no additional water to cool 
core debris. This presents a severe containment challenge to BWR steel 
containments.  

 Wet. These scenarios involve core damage with water available for injection 
into the containment. A scenario involving loss of main feedwater with 
failure of high-pressure coolant injection and reactor core isolation cooling 
(RCIC) and failure to depressurize is a typical wet scenario. After the water 
in the RPV has boiled off and core damage progresses, water can be added to 
the containment either through drywell sprays, by injection into the failed 
RPV, or by other injection pathways. The addition of water cools core debris, 
lowers containment temperatures, and can reduce the rate of containment 
pressurization.   

 Transient with containment heat removal failure and anticipated transient 
without scram. These scenarios involve core damage with the containment 
boundary already failed. Extended loss of containment heat removal with 
failure to vent the containment is a typical scenario of this type. Also, 
anticipated transient without scram scenarios with failure to shut down with 
borated water injection can also overpressurize and compromise the 
containment boundary. In these cases, after core damage begins, fission 
products will be released from the containment. The magnitude of releases to 
the environment is a function of the release pathway and any available, plant-
specific strategies for debris cooling and scrubbing of the containment 
atmosphere. 

 Nonisolation. These scenarios also involve core damage with the 
containment boundary already failed. In these cases, the failure is typically 
due to failure of the containment to completely isolate before core damage. 
Much like the transient with containment heat removal failure and 
anticipated transient without scram scenarios, fission products will be 
released from the containment as soon as core damage begins. 
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 Interfacing system LOCA or break outside containment. These scenarios 
also involve core damage with the containment boundary already failed. In 
the interfacing LOCA case, the failure of containment is due to failure of the 
interface between the RPV and low-pressure systems outside of containment, 
such as the reactor heater removal. In the break outside containment case, 
the breach is of high-pressure piping attached to the RPV, such as the RCIC 
steam supply line. As in the other scenarios involving failure of the 
containment boundary, fission products will be released from the 
containment at the onset of core damage. 

The strategies for reduction of radiological releases considered in this report are 
generally more effective for core damage scenarios with the containment initially 
intact; that is, the dry/SBO and wet scenarios. Different strategies would need to 
be considered for core damage scenarios with the containment boundary initially 
failed. The addition of water, through either sprays or injection, can be 
marginally beneficial for these scenarios, but failure of the containment boundary 
generally results in too little fission product aerosol residence time for these 
strategies to be effective.  

Scenarios with the containment initially intact and water available are generally 
more readily mitigated. Dry scenarios are particularly challenging for steel BWR 
containments because the high containment temperatures and pressures induced 
by uncooled core debris will rapidly challenge the containment. Further, these 
conditions are conducive to keeping fission products such as Cs airborne, so that, 
when containment fails, a larger amount is released. However, when the 
capability to inject or spray water is provided for the dry containment scenarios, 
they become wet, and release reduction strategies become more effective. 

Table 2-3 provides a summary characterization of the effectiveness of various 
strategies for the spectrum of core damage scenario types. These insights support 
the use of a dry SBO core damage scenario as the baseline case for the 
investigation of release reduction strategies. 
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Table 2-3 
Effectiveness of Strategies for Representative BWR Scenario Types 

 Containment 
Initially Intact 

Containment Initially Failed 

 Strategy Wet Dry/SBO Transient with 
Containment 

Heat Removal 
Failure and 
Anticipated 
Transient 

Without Scram 

Nonisolation Interfacing 
System 

LOCA/Break 
Outside 

Containment 

Containment flooding      
Containment sprays      
RHV – unfiltered      
ACHR      
Filtered vents      
RHV and spray      
ACHR and spray      
Filter and spray      

 
Legend:   Strategy has minimal effectiveness  Strategy can be effective 
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Section 3: Baseline Results 
3.1 BWR Mark I Containment Results 

This section summarizes the results of the MAAP analyses performed to evaluate 
the effectiveness of strategies in reducing radiological releases in BWR Mark I 
core damage scenarios. Appendix B provides more detailed descriptions of the 
cases used to determine the results for the BWR with a Mark I containment 
configuration. 

3.1.1 Mark I Containment Description 

Figure 3-1 illustrates the general layout of the Mark I containment. The primary 
containment is made up of the following compartments: 

 Pedestal, the area beneath the RPV 

 Drywell, the area surrounding the reactor vessel 

 Torus, the region containing the suppression pool (also called a wetwell) 
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Figure 3-1 
Representative Mark I containment layout 

Figure 3-1 also shows the general location of the torus (or wetwell) and drywell 
vent. The MAAP analysis presented in this section represents each of these 
major containment compartments as a well-mixed control volume with all 
appropriate flow junctions connecting them. In the event of a core damage 
accident, the core will begin to heat up, and cladding oxidation will commence. 
Fission products and hydrogen gas will be released into the RPV and then 
transported into the suppression pool through the cycling safety relief valves. The 
release of fission products through the safety relief valves (SRVs) will initially be 
scrubbed in the suppression pool. Without makeup, core damage will continue 
and will eventually result in the relocation of core material into the lower head of 
the RPV. Without recovery of injection to the vessel, failure of the lower head 
and discharge of core debris into the pedestal area will follow. After core debris is 
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released into the pedestal, it can flow and spread onto the floor of the drywell. 
The MAAP analyses assume that, without cooling to the core debris, direct 
contact of core debris with the drywell shell will result in an early breach of the 
containment. At this point, a direct path is established for fission products to be 
released into the adjacent reactor building. The current analysis conservatively 
neglects any holdup or deposition of the fission products in the reactor building; 
however, it is expected that some amount of removal in the building will occur. 

Figure 3-2 shows the Mark I containment after the release of core material into 
the containment. This figure illustrates the flow of core material into the drywell 
and the release of fission products into the drywell atmosphere following a vessel 
breach. Any fission products released into the torus must first pass through the 
suppression pool before accumulating in the torus air space. This is an important 
aspect of the Mark I containment response that proves beneficial in limiting the 
release of fission products through the wetwell vent path. 
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Figure 3-2 
Mark I containment response to a severe accident 

3.1.2 Baseline Mark I Scenario Definition 

The baseline BWR scenario for Mark I containments involves an extended SBO. 
This scenario begins with the loss of all ac power, leading to reactor trip and 
initiation of the ac-independent core cooling system. For this analysis, the most 
common BWR design, BWR-4, is used. Following the loss of all ac power, the 
RCIC system would be initiated on low RPV level and would be assumed to 
operate until battery depletion. After RCIC is lost, the inventory of water in the 
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RPV would be boiled off and, without restoration of core cooling, the core would 
eventually uncover and begin to heat up. When core damage occurs, radioactive 
fission products are released into the RPV and are released through cycling main 
SRVs into the suppression pool. If core damage continues to progress, the 
molten core debris will eventually breach the bottom head of the reactor vessel, 
and core debris will relocate into the pedestal area under the RPV and begin to 
spread across the drywell floor. Without water to cool the debris, containment 
failure would be expected due either to direct contact of the steel containment 
shell by core debris or to the combination of elevated containment pressure and 
temperature.  

For all of the strategy evaluation cases, the sequence of events is identical up 
through the reactor vessel breach. These events establish the initial conditions in 
the containment for the evaluations of the strategies. This timeline uses a 
conservative set of assumptions, including the rapid onset of core damage, which 
is useful for comparing mitigation strategies. In reality, other accident mitigation 
strategies, such as those contained in BWR emergency operating procedures 
(EOPs) and SAMGs, would be expected to prevent core damage or substantially 
ameliorate radiological consequences by delaying the onset of core damage. 

Table 3-1 
Common Elements of the Mark I Evaluation Cases2 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Core uncovered 5.2 

Onset of core damage3  6.1 

Core material relocation in the lower plenum 8.8 

Reactor vessel breach 12.0 

Initial core cooling is provided by the RCIC, but this system requires dc power, 
which is assumed to be exhausted at 4 hours. During this time, decay heat is 
transferred to the suppression pool through the RCIC exhaust and the SRVs. 
After the RCIC loses power, steam continues to discharge to the suppression 
pool through the SRVs. At approximately 5 hours, the water level drops below 
the top of active fuel, and the core begins to heat up. By 6 hours, the hottest node 
in the core model reaches 1800°F, and significant quantities of hydrogen start to 
be generated in the vessel. Up to this time, the containment has pressurized to 
approximately 13 psig. Over the next hour, a substantial volume of hydrogen is 
generated as the hot clad reacts with steam in the vessel. The hydrogen is 

                                                                 
2 The specific timing of calculated phenomena (such as a reactor vessel breach) can change by a 
small amount due to conditions in the specific scenario. The values in Table 3-1 are based on the 
base case, which does not include venting or debris cooling. 
3 The maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F. 



 

 3-6  

transported to the suppression pool through the SRVs, leading to a containment 
pressure of about 33 psig. The suppression pool continues to heat up during the 
time that the core is melting and relocating to the lower head of the reactor 
vessel. Just before vessel breach, the containment pressure is at around 38 psig. 
These values will vary slightly, depending on the strategy that is being used.  

The timing of the loss of RCIC can affect the conditions in the containment at 
the time of vessel breach. As the RCIC system operates, steam discharged to the 
suppression pool raises the temperature of the water, which in turn raises 
containment pressure. In addition, if there is any recirculation pump seal leakage, 
more water is added to the drywell as the RCIC continues to operate. A short 
operation of the RCIC system leaves the containment at a lower pressure at the 
time of vessel breach, but there is less water on the drywell floor that can aid in 
the prevention of drywell shell failure by direct debris contact. A long operation 
of the RCIC system adds to the pressure in the containment at the time of vessel 
breach. Sensitivity studies on this are described in Section 4. 

The response of the plant staff in this type of an event, as described in current 
SAMGs, is to direct water to the containment floor and to vent the containment 
as needed, preferentially through the wetwell airspace. Venting through the 
wetwell causes scrubbing of radionuclides by the water in the suppression pool 
before release from containment. As a result of water injection from containment 
spray or flooding, the torus water level will increase. Eventually, it might be 
necessary to close the wetwell vent because of containment flooding and to open 
a higher-elevation drywell vent at a later time. For current drywell vent designs, 
this would result in an unscrubbed release. The BWR sequences analyzed 
produced a pressure spike at the time of vessel breach due to rapid cooling of the 
discharged core material and resulting steam generation. It was assumed that the 
wetwell vent (if available and not submerged) would be opened in accordance 
with typical procedures when the containment pressure reached the primary 
containment pressure limit (PCPL). In this analysis, PCPL is assumed to be 
60 psig. If the wetwell vent pathway is not available, it is assumed that the 
operators would follow procedures and open the drywell vent pathway. 

3.1.3 Mark I Strategy Evaluations 

An explanation of the more significant trends for the containment pressure and 
Cs release is provided and categorized by the strategy investigated. 

3.1.3.1 No Venting, No Debris Cooling 

Two containment failure mechanisms can occur in the scenario without a vent 
and without direct debris cooling. If there is little or no water on the containment 
floor, the melt will quickly spread from the pedestal to the drywell shell. When 
the liquid debris comes into direct contact with the shell, prompt failure of the 
shell will occur. Previous work has estimated this to take around 10 minutes from 
the time of vessel breach to drywell shell failure [6]. If there is some water on the 
floor of the drywell (for example, from recirculation pump seal leakage), the 
drywell shell might be protected, but the containment boundary will still quickly 
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reach an overpressurization condition due to vaporization of the water present on 
the floor. In the cases considered for this report, as little as 1000 ft3 of water can 
cause this magnitude of pressurization within minutes of the vessel breach. If 
little water is present, the drywell shell might be protected from direct contact 
with the debris, but the CCI will produce enough gas and heat to take the 
containment to an overpressure condition in a short time (90 minutes in the cases 
for this report). The conclusion is that the drywell barrier is likely to fail due to 
overpressurization shortly after vessel breach if there is no venting or active 
cooling of the debris. In addition, there is a potential for fission products 
deposited inside the RPV during the core melt to revaporize late in the scenario. 
This would occur at around two days after the event. The magnitude of the late 
release is similar to that of the early release through the drywell shell failure. The 
overall DF for this option is approximately 10. 

3.1.3.2 Reliable Hardened Vent, No Debris Cooling 

This strategy is nearly identical to the no venting case. The RHV is opened 
because of the pressure spike following vessel breach, and a release path is 
established through the vent. The initial release is controlled by the amount of 
radioactive material suspended in the wetwell air space. The initial aerosol in the 
drywell is effectively scrubbed by the suppression pool because of the high degree 
of subcooling, the high velocity of the gas passing through the downcomers, and 
the submergence of the downcomers. The release through the vent is essentially 
terminated by the drywell liner failure, which eliminates the pressure to drive 
fission products through the vent release path. The major release mechanism is 
through the drywell liner failure. As in the no vent case, the deposited fission 
products begin to re-evolve at around two days to provide the second significant 
release. The overall DF for this strategy is approximately 10. 

3.1.3.3 Filtered Containment Vent, No Debris Cooling 

In this strategy, it is assumed that a filtered containment vent pathway is available 
for the operator to use. Operation of the vent is assumed to be the same as the 
current procedures direct for the use of an RHV, and the vent would be opened 
when the pressure spike occurs at vessel breach. In this case, the fraction of 
fission products released through the vent pathway is such a small fraction of the 
total release that the overall DF remains approximately 10, regardless of the 
assumed efficiency of the filter. It is possible that the water on the drywell floor 
from seal leakage might have the capability to prevent drywell shell failure. In 
this case, one of the secondary containment failure mechanisms (that is, high 
temperature) provides the release path but at a later time. The sensitivity analysis 
shows that up to half of the release is through the RHV pathway and subject to 
filtering. The maximum DF for this strategy is about 20. 
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3.1.3.4 Alternative Containment Heat Removal—External Torus Spray with 
Reliable Hardened Vent, No Debris Cooling 

This strategy considers the use of an external water spray on the external surface 
of the torus as a means of providing ACHR. The external spray was started at 
approximately 1 hour following the loss of core injection. In this scenario, the 
effect of the spray reduced the pressure in containment, but not enough to 
prevent the drywell from reaching the vent initiation pressure of 60 psig. 
Therefore, this case is not significantly different from the no vent case. The 
overall DF for this strategy is approximately 10. In addition, this strategy is not 
considered viable for significantly reducing radionuclide release and is not 
pursued further in this report. 

3.1.3.5 Containment Flooding or Drywell Spray Without Venting 

In this strategy, flood or spray is assumed to be initiated at 500 gpm 1 hour after 
the loss of RCIC injection. This timing is consistent with current SAMGs. The 
pressure spike in the drywell caused by steam production following vessel breach 
is quite high. It is considered high enough that containment integrity could not 
be reliably maintained. Because the spray phenomena reduce the rate of 
pressurization in the containment at the time of vessel breach slightly over the 
flood case, the release is a little smaller. The DFs for these cases are between 15 
and 25, similar to those for the cases with liner failure. Additional sensitivity 
studies on spray effectiveness are described in Section 4 and Appendix D.  

3.1.3.6 Containment Flooding with Reliable Hardened Vent 

In this strategy, containment flooding through drywell injection is assumed to be 
initiated 1 hour after the loss of RCIC injection. This is consistent with current 
SAMGs. The pressure spike in the drywell caused by steam production following 
vessel breach and core relocation exceeds the PCPL (>60 psig) and leads to the 
opening of the wetwell vent. Initially, the suppression pool provides significant 
scrubbing of the vent effluent, but the water in the pool becomes saturated over 
time. At that point, the scrubbing effectiveness of the pool is reduced, and the 
magnitude of the release increases. Eventually, the water level in the suppression 
pool becomes high enough that the vent must be switched over to the drywell 
vent. This occurs at around 18 hours. Scrubbing is now accomplished solely by 
the water covering the debris, but it is subcooled so that the subsequent release is 
relatively small. Because of the once-through cooling of the containment, the 
temperature never reaches the point where the deposited fission products re-
evolve. The overall DF for this strategy is about 300. 
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3.1.3.7 Drywell Spray with Reliable Hardened Vent 

This strategy is modeled and progresses nearly identically to the containment 
flood with RHV strategy, except that the water addition to the drywell is 
assumed to be through the drywell spray ring header. The effect of spraying the 
drywell atmosphere more effectively removes fission products from the drywell 
atmosphere, thereby reducing the airborne fission products. Spray at the 
evaluated flow rate of 500 gpm can reduce the aerosol concentration by 30% to 
50%. As a result, the overall DF is slightly higher, at about 500. 

3.1.3.8 Containment Flood or Drywell Spray with Filtered Vent 

This strategy is modeled in a manner consistent with the previous two strategies; 
however, a filter is assumed to be present on the containment vent pathway (both 
drywell and wetwell). Because most of the release is through the hardened vent 
pathways and the flood or spray provides once-through cooling, the filter might 
be effective in reducing the magnitude of the release. For example, with an 
assumed filter DF of 10, the overall DF of the containment spray case (DF ~500) 
would increase by a factor of 10, to 5000. However, caution should be applied 
when interpreting high DF values (DF >>1000)  

Filter performance is highly dependent on the particle size distribution of the 
aerosols in the effluent being scrubbed. The performance data for a filter design 
generally take the total mass of incoming aerosols and divide it by the mass of 
outgoing aerosols to generate a filter DF. Embedded in the results is that the 
filters scrub aerosols of different sizes at different efficiencies. Much of the 
available filter performance data are based on a distribution of aerosol sizes that 
are representative of those generated during the core melt, which are centered on 
a mean particle size of around 1 to 2 μm. If the aerosol particle sizes are 
significantly different than the tested distribution, the resulting DF could be 
quite different. This is of interest because the BWR containment fission product 
removal mechanisms are the same as those used in most filter designs, so the 
aerosol distribution entering the filter would be more heavily weighted to particle 
sizes that are not as effectively removed by the removal mechanisms used in the 
filter. These are centered on a mean particle size of around 0.1 μm. Further, 
there is a limit to the benefit of the filter that is constrained by the DF associated 
with the allowed containment leakage. 

3.1.3.9 Drywell Spray and Controlled Reliable Hardened Vent 

Retention of fission products in the BWR containment is influenced by several 
factors, including residence time in the containment, which influences the 
effectiveness of natural and active fission product removal processes and degree of 
subcooling of the suppression pool. Controlling the use of the vent has benefits 
in both areas. Maintaining the containment at an elevated pressure, but below 
the PCPL, increases residence time, increases the velocity of the gas scrubbed by 
the suppression pool, and maintains greater subcooling than simply opening a 
vent, such as reliance on a rupture disk. All of these mechanisms tend to 
maximize scrubbing by the pool. In this strategy, venting begins when the 
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containment pressure reaches PCPL (60 psig), and the vent is closed when the 
pressure drops to 40 psig. To perform this action, the vent must be cycled three 
times in the first hour following vessel breach and then roughly once every 5 
hours thereafter. This is considered through either operator action or an 
automatic pressure relief valve. The pool subcooling will remain higher than 20°F 
for the duration of the venting through the wetwell. However, because the water 
level in the containment continues to increase from the containment spray, 
eventually the water level in the suppression pool exceeds the designated high 
level limit, and the venting must be switched from the wetwell vent to the 
drywell vent. For this case, the transfer occurs about 18 hours into the scenario. 
When the drywell vent is opened, there is a second small release through that 
path. The magnitude of the second release is kept small due to the scrubbing 
action of the containment spray. Similar to the wetwell vent, the drywell vent is 
cycled between the PCPL and 40 psig. By the time that the vent cycles a few 
times, the debris is completely submerged and is cooled to the point at which 
further cycling of the vent is not required. Then, at around 50 hours, the level in 
the containment reaches its upper limit according to the EOPs/SAGs, and spray 
flow must be terminated. Pressure in the containment is maintained by once 
again cycling the drywell vent. By this time, the submergence of the debris allows 
for little release in the late vent period. The overall DF for this strategy is 
approximately 3500. 

3.1.3.10 Containment Flood and Controlled Reliable Hardened Vent 

This strategy behaves the same as the previous one, except that the drywell 
atmosphere is not scrubbed by the spray. Consequently, cycling of the drywell 
vent results in a larger release. The overall DF for this strategy is 350. 

The key to making this strategy viable is to delay the time that the drywell vent 
must be opened as long as possible. This can be achieved by fully depressurizing 
the containment before isolating the wetwell vent following high suppression 
pool level. By doing this, the repressurization of the drywell to the vent pressure 
(60 psig) does not occur for almost 2 days following the isolation of the wetwell 
vent. This allows for settling of airborne radioactive materials in the drywell so 
that a DF of 3000 can be achieved. 

Another scenario for controlling the RHV provides better radionuclide release 
retention. If the wetwell vent is cycled during the core melt following most of the 
hydrogen production, the pressure in the containment at the time of vessel 
breach is much lower because much of the volume of noncondensable gas has 
been vented. The wetwell vent must still be cycled once at vessel breach; 
however; the drywell vent need not be opened until many hours later, and the 
debris will be completely submerged at that point. The overall DF for this 
strategy is 2300. 
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3.1.3.11 Containment Flood or Drywell Spray with Filtered Controlled Vent 

A filter can be added to the RHV to provide additional radionuclide reduction in 
the previous two cases. A high calculated DF can be achieved with a modest filter 
performance; however the same cautions presented for the containment flood or 
drywell spray with filtered vent strategy apply. Performance of the filter must be 
considered in the context of the scrubbing mechanisms performed by the 
containment. Maximizing the capability of the suppression pool further skews 
the distribution of aerosol sizes toward those that are not effectively removed by a 
filter using the same mechanisms as the BWR containment system. As with the 
uncontrolled vent cases, the overall containment system DF is limited by 
containment leakage.  

Figure 3-3 compares the key results for the baseline results for the BWR Mark I 
strategies. Appendix C provides more detail on the MAAP results for the 
individual Mark I cases. 
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Figure 3-3 
Summary of baseline results for BWR with Mark I containment 
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3.2 BWR Mark II Containment Results 

This section summarizes the results of the MAAP analyses performed to evaluate 
the effectiveness of strategies in reducing radiological releases in BWR Mark II 
core damage scenarios. Appendix C provides more detailed descriptions of the 
cases used to determine the results for the BWR with a Mark II containment 
configuration.  

The severe accident progression for the BWR Mark II containment is generally 
described by core damage and fission product release into containment, followed 
by a pressurization of containment. The base-case sequence is initiated by a loss 
of off-site and on-site ac power.  

3.2.1 Mark II Containment Description 

Figure 3-4 illustrates the general layout of the Mark II containment. The primary 
containment is made up of the following compartments: 

 Pedestal, the area beneath the RPV 

 Drywell, the area surrounding the reactor vessel 

 Wetwell, the region beneath the drywell containing the suppression pool 
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Figure 3-4 
Representative Mark II containment layout 

Figure 3-4 also shows the general location of the wetwell and drywell vents. The 
MAAP analysis presented in this section represents each of these major 
containment compartments as a well-mixed control volume with all appropriate 
flow junctions connecting them. In the event of a core damage accident, the core 
will begin to heat up, and cladding oxidation will commence. Fission products 
and hydrogen gas will be released into the RPV and then transported into the 
suppression pool through the cycling SRVs. The release of fission products 
through the SRVs will initially be scrubbed in the suppression pool as they are 
released through the T-quencher. Without makeup, core damage will continue 
and eventually result in the relocation of core material into the lower head of the   
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RPV. Without recovery of injection to the vessel, failure of the lower head and 
discharge of core debris into the pedestal area will follow. After core debris is 
released into the pedestal, it can flow and spread onto the floor of the drywell.  

As shown in Figure 3-4, a floor drain is located in the pedestal floor. In a typical 
Mark II configuration, a drain pipe exits the bottom of the sump, enters the 
wetwell air space, and turns at a right angle. Core debris released from the RPV 
can enter the drain line and fail the drain pipe beneath the pedestal floor. Some 
of the core debris will flow into the pool below, leaving behind a pathway 
connecting the drywell and wetwell airspaces. This failure will create a bypass of 
the suppression pool, allowing fission products to enter the wetwell air space 
without being scrubbed by the pool. Other potential mechanisms for suppression 
pool bypass can be envisioned and must be considered on a plant-specific basis, 
such as damage to other components penetrating the drywell floor. 

Figure 3-5 shows the general location of core debris after vessel breach. Core 
debris can flow into the drywell and into the failed drain pipe. Downcomer pipes 
are located in the drywell area; they direct steam and gas into the wetwell. These 
pipes typically extend above the floor of the drywell by approximately 1 ft. This 
lip of the downcomer is assumed to heat up and melt as core debris flows into the 
drywell. A flow path will be established for core debris to drain directly into the 
suppression pool. The downcomer pipes are anchored beneath the drywell floor 
and are not expected to fail as a result of core debris flowing. Therefore, a pool 
bypass is not expected to occur as debris enters the wetwell through the 
downcomer pipes. 
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Figure 3-5 
Mark II debris location 

One of the Mark II designs does not have water directly beneath the RPV. 
Instead, this area is filled with concrete. Figure 3-6 illustrates this single, unique 
design. In a severe accident, core debris discharged into this region will not 
benefit from the suppression pool for cooling as with the other Mark II designs. 
However, if active systems to flood or spray water into the drywell are used, water 
will enter this area and cool the debris. 
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Figure 3-6 
Mark II design with concrete beneath the reactor vessel 

3.2.2 Baseline Mark II Scenario Definition 

The baseline BWR scenario for Mark II containments is essentially the same as 
the Mark I scenario and involves an extended SBO. This scenario begins with 
the loss of all ac power, leading to reactor trip and initiation of the ac-
independent core cooling system. For this analysis, a common BWR design, 
BWR-4, is used. The similarity of the BWR-4 designs that are used in both 
Mark I and Mark II containments means that initial plant response is fairly 
similar. Small differences in timing are due to minor differences in core and 
system design features between the two representative plants.  
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Following the loss of all ac power, the RCIC system would be initiated on low 
RPV level and is assumed to operate until battery depletion. After the RCIC 
system is lost, the inventory of water in the RPV would be boiled off and, 
without restoration of core cooling from some other source, such as FLEX 
equipment, the core would eventually uncover and begin to heat up. When core 
damage occurs, radioactive fission products are released into the RPV and are 
released through cycling main steam SRVs into the suppression pool. If core 
damage continues to progress, the molten core debris will eventually breach the 
bottom head of the reactor vessel, and core debris will relocate into the pedestal 
area under the RPV.  

As shown in Figure 3-7, a Mark II containment has a drywell sump drain line 
configuration that can be problematic for scenarios in which core debris has 
exited the vessel. The drain lines are fairly large (approximately 4 in. in diameter), 
so that core debris can freely enter the pipe. This is a problem because the lines 
also have a 90° bend within the volume of the wetwell air space. When debris 
collects at this bend, it is likely that the pipe will melt and there will be a direct 
pathway between the drywell atmosphere and the wetwell atmosphere. The 
scrubbing action in the suppression pool will be bypassed due to this pathway.  
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Figure 3-7 
Representative configuration of BWR Mark II containment sump drain lines 
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This unique design feature leads to a new insight for reducing radiological 
releases from Mark II containments. This insight involves the desirability of 
precluding core debris–induced failure of the drain line to maintain the fission 
product scrubbing benefit of the suppression pool. This insight requires two 
parallel analyses for each strategy for the Mark II containment cases. The first 
case assumes the as-is condition with the drain line failure potential. The second 
case assumes that a design change is made to preclude drain line failure to 
maintain the separation of the wetwell and drywell atmospheres. Although the 
BWR Mark II containments are not susceptible to failure of the drywell shell 
from direct contact with core debris, unless water is injected to the drywell, the 
drywell will be exposed to extreme temperatures and increasing pressure, leading 
to failure of the containment boundary.  

For all the strategy evaluation cases, the sequence of events is identical up 
through the reactor vessel breach. These events establish the initial conditions in 
the containment for the evaluations of the strategies. This timeline uses a 
conservative set of assumptions, including the rapid onset of core damage, which 
is useful for comparing mitigation strategies. In reality, other accident and severe 
accident management strategies, such as those contained in BWR EOPs and 
SAMGs, would be expected to prevent core damage or substantially ameliorate 
radiological consequences by delaying the onset of core damage. 

Table 3-2 
Common Elements of the Mark II Evaluation Cases4 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Core uncovered 6.2 

Onset of core damage5  7.2 

Core material relocation in the lower plenum 9.8 

Reactor vessel breach 12.3 

Initial core cooling is provided by the RCIC, but this system requires dc power, 
which is assumed to be exhausted at 4 hours. During this time, decay heat is 
transferred to the suppression pool through the RCIC exhaust and the SRVs. 
After the RCIC loses power, steam continues to discharge to the suppression 
pool through the SRVs. At approximately 6 hours, the water level drops below 
top of active fuel, and the core begins to heat up. By 7 hours, the hottest node in 
the core model reaches 1800°F, and significant quantities of hydrogen start to be 
generated in the vessel. Up to this time, the containment has pressurized to 
                                                                 
4 The specific timing of calculated phenomena (such as reactor vessel breach) can change by a small 
amount due to conditions in the specific scenario. The values in Table 3-4 are based on the base 
case, which does not include venting or debris cooling. 
5 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F. 
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approximately 22 psig. Over the next hour, a substantial volume of hydrogen is 
generated as the hot clad reacts with steam in the vessel. The hydrogen is 
transported to the suppression pool through the SRVs, leading to a containment 
pressure of about 35 psig. The suppression pool continues to heat up during the 
time that the core is melting and relocating to the lower head of the reactor 
vessel. Just before vessel breach, the containment pressure is just below 40 psig, 
depending on the strategy that is being used. 

The response of the plant staff in this type of an event, as described in current 
SAMGs, is to direct water to the containment floor and to vent the containment 
as needed, preferentially through the wetwell airspace. Venting through the 
wetwell results in scrubbing of radionuclides before the effluent is released from 
containment. As a result of containment flooding and an increased suppression 
pool water level, it might be necessary to close the wetwell vent and to open a 
higher-elevation drywell vent at a later time. For current drywell vent designs, 
this would result in significant reduction in the degree of scrubbing of the release. 
The BWR sequences analyzed produced a pressure spike at the time of vessel 
breach due to rapid cooling of the discharged core material and resulting steam 
generation. It was assumed that the wetwell vent (if available) would be opened if 
the pressure in the drywell reached PCPL (60 psig in this analysis). An 
explanation of the more significant trends for the containment pressure and Cs 
release are provided and categorized by the strategy investigated. 

3.2.3 Mark II Strategy Evaluations 

An explanation of the more significant accident signatures for the containment 
pressure and Cs release are provided and categorized by the strategy investigated. 

3.2.3.1 No Venting, No Debris Cooling 

Without the continued supply of water on the containment drywell floor before 
debris discharge into containment, the drywell containment boundary will be 
threatened by the high temperatures and containment pressures resulting from 
the release of core debris into the drywell. The prompt drywell shell failure 
phenomenon is not applicable to the Mark II containment. The overall DF for 
this option is less than 10. 

3.2.3.2 Reliable Hardened Vent, No Debris Cooling 

For the Mark II configuration, the RHV does provide substantial reduction in 
the release, if the drywell–wetwell interface is intact (for example, sump drain 
lines are protected). This is because the core debris does not have the same 
potential for failure of the drywell wall as in the Mark I. The containment 
pressure rise at vessel breach will trigger use of the RHV as the PCPL is 
challenged. With the sump drain lines protected, the initial vented release is 
scrubbed through the pool. This captures a large fraction of the airborne aerosols 
in the suppression pool and reduces the overall magnitude of the release, even 
though the hot core debris eventually fails the containment after several hours 
due to high temperature. However, by this time, some of the fission products 
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have settled out of the containment atmosphere through passive processes. The 
overall DF for this option is approximately 10 without sump drain protection and 
greater than 1000 with the drywell–wetwell interface intact. 

3.2.3.3 Filtered Containment Vent, No Debris Cooling 

In this strategy, it is assumed that a filtered containment vent pathway is available 
for the operator to use. Operation of the vent is assumed to be the same as the 
current procedures direct for the use of an RHV, and the vent would be opened 
when the pressure spike occurs at vessel breach. If the drain line failure is 
precluded, the fraction of fission product released through the vent pathway is 
such a small fraction of the total release that the overall DF remains 
approximately the same as for the RHV case, regardless of the assumed efficiency 
of the filter. On the other hand, if the drain line fails and causes a suppression 
pool bypass, the addition of a filter to the wetwell vent can provide significant 
benefit. The makeup of the effluent is similar to that taken directly off of the 
molten core and has not been prescrubbed to change the particle size 
distribution. 

3.2.3.4 Alternative Containment Heat Removal—External Torus Spray with 
Reliable Hardened Vent, No Debris Cooling 

This strategy is not applicable to Mark II containments.  

3.2.3.5 Containment Flooding or Drywell Spray Without Venting 

In this strategy, flood or spray is assumed to be initiated at 1893 lpm (500 gpm) 1 
hour following the loss of RCIC injection. Injection of water by spray or flood is 
consistent with current SAMGs. The pressure spike in the drywell caused by 
steam production following vessel breach is quite high, but not so high that the 
containment ultimate pressure is exceeded. If the drywell sump drain line fails 
and causes a suppression pool bypass, the containment pressure continues to 
rapidly increase, so that containment integrity cannot be reliably maintained.  

Containment failure, coupled with the defeat of the suppression pool scrubbing, 
results in a containment DF of approximately 10. If the drain line remains intact 
and the suppression pool remains a significant energy sink, the pressure rise is 
much slower. If the containment injection mode is flooding, it takes 10 hours to 
reach the containment failure pressure. This allows time for settling of the 
aerosols in the drywell; however, the residual debris in the vessel continues to 
produce aerosols over this period. The resulting DF is approximately 10 for the 
flooding strategy. If the containment injection mode is spraying, overpressure 
does not occur for several days. This additional time allows for settling of aerosols 
and spray removal, as applicable, and the source from the vessel has exhausted its 
inventory by this time. The DF for this case is more than 1000. Although a high 
DF can be achieved for this strategy, uncertainty remains as to the effectiveness 
of low spray flow rates in reducing the rate of containment pressurization, so that 
the lower DF of 10 cannot be ruled out. See Section 4 and Appendix D for 
sensitivity analyses on spray effectiveness. 
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3.2.3.6 Containment Flooding with Reliable Hardened Vent 

In this strategy, containment flooding through drywell injection is assumed to be 
initiated 1 hour following the loss of RCIC injection. This is consistent with 
current SAMGs. The pressure spike in the drywell caused by steam production 
following core relocation exceeds the PCPL (>60 psig) and leads to the opening 
of the wetwell vent. If the failure of the containment sump drain line leads to a 
suppression pool bypass, the containment system provides a DF of less than 10. 
If the drain line remains intact, the suppression pool provides significant 
scrubbing of the vent effluent. As the containment depressurizes, the pool 
becomes saturated, and the DF drops off. By this time, though, all the material 
available for release has been released. Eventually, the water level in the 
suppression pool becomes high enough that the vent must be switched over to 
the drywell vent. This occurs at around 22 hours. The pressure in the 
containment, however, is low enough that the drywell vent need not be opened 
within the first few days of the scenario. The overall DF for this strategy is about 
1200 if the drain line is intact and 10 if it is not. One of the uncertainties in this 
case is the amount of core debris that drains to the suppression pool through the 
downcomers. In the reference case, about one-third of the debris is in the bottom 
of the suppression pool and does not participate in the production of aerosols 
that can be released. A sensitivity analysis was performed that forces all the core 
debris to remain in the drywell. In this case, the release continued for several 
hours following opening of the wetwell vent, albeit at a reduced rate from the 
initial release. The overall DF for this sensitivity case was about 300. Because the 
precise amount of core debris that would flow to the suppression pool is 
uncertain, the entire DF range of 300–1200 is considered possible for this 
strategy. 

3.2.3.7 Drywell Spray with Reliable Hardened Vent 

This strategy is modeled and progresses nearly identically to the containment 
flood with RHV strategy, except that the water addition to the drywell is 
assumed to be through the drywell spray ring header. Because the spray is in the 
drywell, the initial inventory of aerosol in the wetwell airspace at the time of 
opening the wetwell vent is nearly unchanged. Again, about one-third of the core 
debris is transported to the bottom of the suppression pool and does not 
participate in further release. The DF for this case is about 1000. The effect of 
spraying the drywell atmosphere more effectively scrubs fission products from the 
drywell atmosphere, thereby reducing the airborne fission products, so the case 
with the drain line failure (suppression pool bypass) has a better DF of about 
100. The same sensitivity analysis as that for the flood strategy was performed for 
the amount of core debris that remains in the drywell. For the spray strategy, 
even though more core material is left behind in the drywell, the aerosols are 
more effectively removed and do not contribute much to the release. The DF for 
the sensitivity remains at around 1000. 
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3.2.3.8 Containment Flood or Drywell Spray with Filtered Vent 

Like the Mark I case, this strategy is modeled in a manner consistent with the 
previous two strategies; however, a filter is assumed to be present on the 
containment vent pathway. Because most of the release is through the hardened 
vent pathways and the flood or spray provides once-through cooling, the 
potential benefit of the filter is assumed to effectively be a multiplier on the DF 
in reducing the magnitude of the release from the vent pathway. The same 
cautions apply to these cases as to the Mark I cases. The Mark II cases are less 
complicated because only the wetwell vent is opened in the first several days of 
the scenario, and the differences in the nature of the drywell versus wetwell 
effluent is less important. Any further DF enhancement by a filter must take into 
account the aerosol particle size distribution, given that the material that is 
vented has already been scrubbed by the in-containment mechanisms in these 
strategies. 

3.2.3.9 Containment Flood and Controlled Reliable Hardened Vent 

Retention of fission products in the BWR containment is influenced by several 
factors, including residence time in the containment that influences the 
effectiveness of natural and active fission product removal processes and the 
degree of subcooling of the suppression pool. Controlling the use of the vent has 
benefits in both areas. Maintaining the containment at an elevated pressure, but 
below the PCPL, increases residence time, increases the velocity of the gas 
scrubbed by the suppression pool, and maintains greater subcooling than simply 
opening a vent, such as reliance on a rupture disk. All these mechanisms tend to 
maximize scrubbing by the pool. In this strategy, venting begins when the 
containment pressure reaches PCPL (60 psig), and the vent is closed when the 
pressure drops to 40 psig. To perform this action, the vent must be cycled three 
times in the first hour following vessel breach and then roughly once every 5 
hours thereafter. The pool subcooling will remain higher than 20°F for the 
duration of the venting thorough the wetwell. However, because the water level 
in the containment continues to increase from the containment spray, eventually 
the water level in the suppression pool exceeds the designated high level limit, 
and the venting must be switched from the wetwell vent to the drywell vent. For 
this case, the transfer occurs about 22 hours into the scenario. When the drywell 
vent is opened, there is a second release through that path that provides the bulk 
of the release in this scenario. Similar to the wetwell vent, the drywell vent is 
cycled between the PCPL and 40 psig. By the time that the vent cycles a few 
times, the debris is completely submerged and is cooled to the point at which 
further cycling of the vent is not required. At around 50 hours, the level in the 
containment reaches its upper limit according to the SAMGs and spray flow 
must be terminated. Pressure in the containment is maintained by once again 
cycling the drywell vent. By this time, the submergence of the debris allows for 
little release in the late vent period. The overall DF for this strategy is 
approximately 300. 
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In this case, the release through the wetwell vent is quite small—less than 0.1% 
of the inventory. If the operation of the wetwell vent is altered so that the final 
opening of this pathway is not terminated at 40 psig but after full 
depressurization of the containment (about 3 psig), the opening of the drywell 
vent pathway can be delayed for up to two days. This reduces the drywell vent 
release to be quite small, so that the overall DF for this strategy is much greater 
than 1000. 

If the suppression pool is bypassed due to a compromise in the drywell–wetwell 
interface, the strategy of cycling the vent reduces the release by only a small 
factor. If the bypass occurs, the overall DF is only about 200.  

3.2.3.10 Drywell Spray and Controlled Reliable Hardened Vent 

This strategy works well for the Mark II. The effect of the sprays is to reduce 
containment pressure enough that, after the wetwell vent is cycled one time, the 
drywell vent need not be reopened for several days. The overall DF for this 
strategy, assuming that the suppression pool is not bypassed, is about 2000. If the 
suppression pool is bypassed, the spray still reduces the containment pressure so 
that the vent must be cycled only one time. But in this case, the amount of 
aerosol released in this cycle is much greater. The DF is 300. 

3.2.3.11 Containment Flood or Drywell Spray with Filtered Controlled Vent 

A filter can be added to the RHV to provide additional radionuclide reduction in 
the previous two cases. A high calculated DF can be achieved with a modest filter 
performance. As with the previous case, performance of the filter must be 
considered in the context of the scrubbing performed by the containment. 
Maximizing the capability of the suppression pool further skews the distribution 
of aerosol sizes toward those that are not effectively removed by a filter using the 
same mechanisms as the BWR containment system. As with the uncontrolled 
vent cases, the overall containment system DF is limited by containment leakage.  

The strategies described for the Mark I containment function similarly in the 
Mark II containment, as long as the sump drain lines are protected from core 
debris. Figure 3-8 compares the results for the BWR Mark II alternatives. The 
configuration in which the bypass occurs is represented by the left set of bars, and 
the configuration in which the drain line has been protected is represented by the 
right set of bars. Appendix C provides more detail on the MAAP results for the 
individual Mark II cases. 
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Figure 3-8 
Summary of results for representative BWR with Mark II containment  

3.3 Summary of Baseline Results 

The results described in the preceding sections and in Appendices B and C 
provide important insights into the release reduction effectiveness of severe 
accident strategies in BWRs with Mark I and II containments. Table 3-3 
compiles these results into a qualitative representation of the effectiveness of each 
strategy or combination of strategies, as evaluated in the baseline case.  

The top portion of Table 3-8 demonstrates that no single strategy alone is 
effective in achieving a significant reduction in the magnitude of the radiological 
release. In some cases, this is due to the need to provide active debris cooling 
with containment flooding or spray. For cases in which the strategy provides 
debris cooling, this alone is not sufficient, because containment venting will be 
required. ACHR in BWR Mark I containments—that is, external cooling of the 
torus—did lead to a potential delay in releases, but it did not substantially reduce 
the overall release magnitude. ACHR was not analyzed for BWR Mark II   
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containments because an equivalent capability could not be identified. Even 
external vent filters did not have a significant impact on releases as an 
independent strategy due to the containment being compromised by uncooled 
debris.  

The bottom portion of Table 3-3 summarizes the results for various 
combinations of strategies. The first few combinations of existing SAMG 
strategies including debris cooling and severe accident use of an RHV show some 
reduction in release magnitude, but they do not exceed a containment system DF 
of 1000 unless the use of the vent is controlled to better manage the inherent 
filtering capabilities of the BWR containment and suppression pool. For cases in 
which debris cooling and controlled venting are used in combination, significant 
reductions in release magnitude were demonstrated, exceeding an overall 
containment system DF of 1000. Control of the RHV under severe accident 
conditions might be a useful enhancement to incorporate into existing plant-
specific SAMG implementations. However, these results apply to the Mark II 
containments only if the configuration of the containment prevents bypass of the 
suppression pool scrubbing capability. 

Adding a filter to the combined strategies might increase the overall system DF. 
However, there are limited data on the effectiveness of such filters when the vent 
source has already been scrubbed by internal filtering mechanisms such as spray 
and suppression pool scrubbing. It was beyond the scope of this analysis to 
investigate the performance of different filter designs under such conditions. 
Substantial research and testing is likely necessary to define any quantitative 
benefit from such a design. 
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Table 3-3 
Summary of Baseline Strategy Results 

Individual Strategies 
 Mark I Containments  Mark II Containments 

Individual Strategy Baseline Results Suppression 
Pool Bypass 

No Suppression Pool 
Bypass 

Containment spray    

ACHR  Not Analyzed 

RHV    

Controlled use of RHV    

Filtered vents    

Combined Strategies 
 Mark I Containments  Mark II Containments 

Combination of Strategies Baseline Results Suppression 
Pool Bypass 

No Suppression Pool 
Bypass 

Flood with RHV    

Spray with RHV    

Flood or spray with ACHR and RHV  Not Analyzed 

Flood with controlled RHV    

Spray with controlled RHV    

Flood or spray with filter    

 
Legend:   DF < 100  100 < DF < 1,000  DF > 1,000 
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Section 4: Sensitivity Studies 
The baseline results presented in Section 3 provide a representative 
characterization of the effectiveness of each strategy. To more completely 
understand the robustness of the insights drawn, it is necessary to investigate the 
sensitivity of the results and insights based on the variability of possible inputs 
and key areas of uncertainty. The following areas of sensitivity analysis are 
identified: 

 Core damage scenario timing  

 RPV pressure 

 Containment early venting for hydrogen control 

 Containment early venting for pressure control 

 Spray effectiveness 

 Containment makeup rates and timing 

 Debris relocation in the Mark II  

 In-vessel recovery 

Each area of sensitivity investigation is described in this section, including the 
impact of each area on the primary figure of merit—the containment system DF. 
Appendix D provides more detail on the results of each specific sensitivity 
calculation. 

4.1 Sensitivity to Core Damage Scenario Timing 

These cases consider the impact of core damage timing on strategy effectiveness. 
In the baseline case, RCIC was assumed to operate until battery depletion at 4 
hours. The purpose of these sensitivity analyses is to investigate the impact of 
core damage timing on containment conditions and strategy effectiveness. 
Sensitivity cases evaluate the impact of both shorter and longer RCIC operating 
durations. Sensitivity analyses are performed to investigate whether the results are 
significantly impacted for the strategy of drywell sprays with controlled use of the 
RHV, which had a containment system DF of greater than 1,000 in the baseline 
case.  
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Three core damage scenario sensitivity cases are investigated: 

 No RCIC operation 

 RCIC operation for 8 hours 

 RCIC operation for 12 hours 

These cases cover a broad spectrum of possible core damage progression and 
containment conditions, with the time of vessel breach ranging from 
approximately 5 hours to more than 21 hours and the containment pressure at 
the time of vessel breach ranging from 32 psig to more than 56 psig. In all three 
cases, the computed overall containment system DF well exceeded 1000. The 
case with the 8-hour RCIC run time has DFs consistent with the baseline 
result—computed overall containment system DF on the order of 3500. The 
early and late failure cases had somewhat higher DFs, at more than 4000.  

Based on these results, it is concluded that the insights gained on the 
effectiveness of spray and controlled RHV are representative across a broad 
spectrum of SBO scenarios.  

4.2 Sensitivity to Reactor Pressure Vessel Pressure 

The baseline cases used the Nuclear Regulatory Commission’s baseline 
assumption of a relief valve sticking open during core damage progression [7]. 
SAMGs would also direct the operators to depressurize the RPV. Nevertheless, a 
core damage event occurring with the RPV at high pressure cannot be precluded. 
The purpose of this sensitivity case is to evaluate the impact of failure to 
depressurize the vessel on scenario progression and strategy effectiveness. As with 
the core damage timing sensitivity, the baseline strategy used for comparison is 
the drywell spray with controlled RHV in a Mark I containment.  

The stuck-open SRV affects the distribution of radionuclides between the 
wetwell and the drywell at the time the vent is used. In the high-pressure case, 
the concentrations of cesium iodide (CsI) are greater, as less CsI is passed into 
the suppression pool during the core melt process through the cycling SRV. This 
results in slightly greater releases when the wetwell vent pathway is no longer 
useable and the drywell vent must be opened. However, the computed overall 
containment system DF remains greater than 1000.  

Based on these results, it is concluded that the insights gained on the 
effectiveness of spray and controlled RHV still indicate that these are effective 
strategies, even in cases in which the RPV is not depressurized.  

4.3 Sensitivity to Early Containment Venting for Hydrogen 
Control 

In the baseline cases, the containment is opened only when the EOP venting 
threshold (such as PCPL) is challenged. In a review of the baseline results, it was 
noted that the hydrogen generated during the core melt process contributes 
significantly to containment pressurization. This case evaluates the impact of 
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early venting of the wetwell to offset the hydrogen accumulation in containment. 
Such an action is not in Revision 2 of the BWR emergency procedure 
guidelines/SAGs [1], but it is investigated as a potential optimization step for 
severe accident management. In this sensitivity analysis, the strategy chosen is 
one with successful operation of drywell flooding combined with the RHV 
operating in a Mark I containment.  

For this sensitivity case, it was assumed that the vent would be initially opened 
when the pressure exceeded 40 psig and remain open until containment pressure 
reduced to 18 psig, at which point the vent is assumed to be closed. Subsequent 
operation of the vent is assumed to occur at 60 psig, as assumed in the baseline 
analysis. The baseline case for this strategy (assuming venting at 60 psig) resulted 
in a computed overall containment system DF of about 300. The early vent 
sensitivity case shows a higher computed overall containment system DF of 
approximately 1000. 

Based on these results, it is concluded that, in some cases, overall containment 
system DF might be improved by venting early to remove the hydrogen 
generated during the core melt process.  

4.4 Sensitivity to Early Containment Venting for Pressure 
Control 

When operating the RCIC for an extended time, there might be an advantage to 
venting the containment before reaching the PCPL. This option is addressed in a 
sensitivity analysis in which the wetwell vent is opened when the pressure exceeds 
25 psig and kept open until injection is lost. To study the impact of early venting, 
the RCIC was assumed to operate for an extended period of time. It was 
assumed that dc power was available for 16 hours and that RCIC would continue 
to operate for an additional 2 hours. The 2-hour delay for RCIC failure is based 
on the time required to fill the RPV to the main steam line and potentially flood 
the RCIC turbine. The other aspects of this sensitivity are the same as that for 
spray with controlled reliable hardened vent. 

For the remainder of this sensitivity case, it was assumed that the vent would be 
subsequently opened when the pressure exceeded PCPL and then be controlled 
between PCPL and 40 psig. The baseline case for this strategy resulted in a 
computed overall containment system DF of about 2000. The early vent 
sensitivity case shows a higher computed overall containment system DF that is 
about a factor of four higher. 

Based on these results, it is concluded that, in some cases, overall containment 
system DF might be improved by venting early to reduce the containment 
pressure at the time of vessel breach. 
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4.5 Sensitivity to Spray Effectiveness 

The baseline cases showed considerable benefit in the use of drywell sprays, even 
at reduced flow rates. The purpose of these sensitivity cases is to investigate the 
impact on strategy effectiveness with alternative assumptions regarding the key 
parameters that impact effectiveness of sprays in removing aerosol fission 
products from the drywell atmosphere. The baseline cases used conservatively 
biased, but nominal, effectiveness parameters. These sensitivity cases evaluate the 
impact of spray droplet diameter and aerosol removal efficiency on scenario 
progression and strategy effectiveness. 

4.5.1 Droplet Diameter 

Spray droplet diameter is an important parameter in the calculation of spray 
effectiveness because larger diameter droplets will be less effective in removing 
fission products from drywell atmosphere. The baseline spray cases in Section 3 
used a nominal value for droplet size based on typical drywell spray nozzle 
atomization of 0.012 ft. At lower flows, it is possible that the spray nozzles could 
be less effective in atomizing the water spray. A sensitivity case was run assuming 
a factor of ten increase in the droplet diameter to 0.12 ft. The strategy chosen is 
one with successful operation of drywell sprays combined with the RHV 
operating in a controlled mode. The following two versions of this strategy are 
evaluated: 

 Baseline case with 10 times the droplet size  

 Baseline case with early venting and 10 times the droplet size 

The second sensitivity was identified because spray effectiveness has the greatest 
impact on the releases that occur through the drywell vent pathway. The longer 
that drywell venting can be delayed, the more aerosol fission products are 
removed from the drywell atmosphere through sprays and deposition 
mechanisms.  

In the baseline case, the computed overall containment system DF was found to 
be greater than 1000. The same case with 10 times the droplet size had a much 
lower computed overall containment system DF of approximately 650. However, 
if the early venting strategy is used, the computed overall containment system DF 
increases to greater than 1000. 

Based on these results, it is concluded that, in some cases, overall containment 
system DF could be reduced by poor spray atomization, but the use of early 
containment venting to remove the hydrogen generated can have a generally 
offsetting effect on the computed DF. 
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4.5.2 Aerosol Removal Effectiveness 

The effectiveness of water droplets in removing fission products is also a function 
of the assumed aerosol capture efficiency. The purpose of this case is to 
investigate the sensitivity of the computed DFs to different assumptions 
regarding aerosol capture efficiency. The MAAP computer code nominally relies 
on removal efficiency inputs that are based on experiments, and it recommends a 
nominal effectiveness value of 0.02. Depending on the size of the fission product 
aerosols and the water droplet diameter, the capture efficiency can range from a 
value of 1.0 for large aerosols to a minimum of about 0.0003 for aerosol sizes of 
approximately 0.1 μm. That is, the capture efficiency for small diameter aerosols 
is much lower than that for larger aerosol particles. The strategy chosen for this 
sensitivity is one with successful operation of drywell sprays combined with the 
RHV operating in a controlled mode in a Mark I containment. The following 
two sensitivity cases analyzed the impact of reduced capture efficiency: 

 Aerosol capture efficiency of 0.002 (1/10th of nominal) 

 Aerosol capture efficiency of 0.0002 (1/100th of nominal) 

Not surprisingly, the results of these sensitivities showed a decrease in the 
computed overall containment system DF. In the case of a factor of ten decrease 
in capture efficiency, the computed overall containment system DF was slightly 
less than 1000. In the bounding case of a factor of 100 decrease, which is less 
than the lowest predicted efficiency from the models, the overall containment 
system DF dropped to roughly 500.  

Based on these results, it is concluded that capture efficiency is an important 
parameter in assessing overall containment system DF. This is equally true for 
water-based filter systems, and it is one of the difficulties in judging the 
effectiveness of previously scrubbed effluents with smaller-diameter aerosol 
particles. 

4.6 Sensitivity to Containment Makeup Rates 

The baseline cases for containment spray and flooding are based on a relatively 
low makeup rate of 500 gpm. For the reference plant, the minimum flow rate to 
cool the debris that does not cause a filling of containment (boil-off of the 
injection balances decay heat) is 100 gpm of external water. This is considered 
the minimum acceptable flow rate to cool the debris. The primary strategy 
evaluated is the spray with RHV case in a Mark I containment.  

A reduction in the spray flow to 100 gpm causes a factor of five decrease in the 
computed overall containment system. That is, simply providing enough water to 
quench the debris is not sufficient to significantly reduce radiological releases 
from containment.  
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4.7 Debris Relocation in the Mark II Containment 

In the baseline Mark II containment analyses, a large fraction of the ex-vessel 
molten core debris drains from the drywell into the suppression pool. This 
behavior is computed by the MAAP code based on the geometry of the Mark II 
containment and the properties of molten debris. The purpose of this sensitivity 
study is to assess the impact of debris holdup in the drywell on the Mark II 
containment system performance. The case selected for this sensitivity was the 
Mark II scenario with only the RHV, assuming that the drain line is protected. 
In the baseline case, this case had a computed overall containment system  
DF of 1000.  

The sensitivity case assumed that no debris drained into the suppression pool; 
that is, all debris remained on the drywell floor. In this case, CCI began to occur 
in the drywell, and elevated gas temperatures resulted in failure at about 24 hours 
into the event. (Figure D-15 in Appendix D shows the CsI release fraction for 
the sensitivity analysis.) The CsI release fraction for this case was approximately 
10%, yielding an overall DF of only 10. 

Based on these results, it is concluded that debris location in a Mark II 
containment can be an important parameter in assessing overall containment 
system performance. However, for cases in which the core debris is quenched 
(spray or flood cases) and the drain line is protected, the results are much less 
sensitive to debris location because aerosol generation effectively stops when the 
debris is quenched, regardless of debris location.  

4.8 In-Vessel Recovery 

In the baseline cases, the core damage accident scenario is always allowed to 
progress to vessel breach. The purpose of this sensitivity analysis is to investigate 
the impact of in-vessel core damage arrest on overall containment system 
performance. In the baseline Mark I case, vessel breach occurs 12 hours into the 
accident scenario. For this sensitivity analysis, it is assumed that a pump 
delivering 500 gpm at a shutoff head of 185 psig was initiated 10 hours into the 
event. By 10 hours, significant core damage has occurred, but this makeup 
capability is computed to be sufficient to arrest the core damage in-vessel. The 
strategy investigated in this case is the use of the RHV alone. 

Arresting core damage in-vessel avoids the containment pressurization associated 
with vessel breach and delays the need to vent containment until approximately 
24 hours, simply due to heat-up of the suppression pool, plus the hydrogen gas 
produced by the arrested core damage. In the baseline case, the RHV was not 
sufficient to preserve the containment, and the computed overall containment 
system DF was only 10 due to the failure of the drywell. In this case, the 
computed DF with the RHV dramatically increases (>>10,000) because the bulk 
of the fission products released during the core melt process are captured in the 
suppression pool.  
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This result demonstrates the benefit of arresting a core damage scenario as soon 
as possible. Arrest of core damage in-vessel enhances overall containment system 
performance and enables different strategies to be effective in reducing 
radiological releases.  

4.9 Applicability of Results to Other BWRs with Mark I and II 
Containments 

The results presented in the previous sections are based on representative BWR-
4 reactors in Mark I or Mark II containments. Some Mark I and II containments 
have other nuclear steam supply system (NSSS) designs, such as BWR-1, BWR-
2, and BWR-3 reactors in Mark I containments and BWR-5 reactors in Mark II 
containments. 

The variations in NSSS design primarily impact the progression of the accident 
during the in-vessel phase. Some differences would be expected during the time 
of core damage and vessel breach across these designs, but the overall accident 
progression should not be substantially affected by the NSSS differences.  

Variability across Mark I and II containments involves the relationship of the 
relative containment heat capacity to the reactor size. This is due to variability in 
the containment design pressure, the volume of water normally in the 
suppression pool, the volume of the wetwell and drywell airspaces, and the 
thermal power level of the reactor housed in the containment. These factors can 
influence the timing of events, such as the time that the PCPL is reached, but 
they do not alter the fundamental accident progression features.  

The sensitivities described in this section relate to the timing of core damage are 
judged to reasonably represent the overall performance influences of these 
differences. Consequently, the general insights and conclusions drawn from these 
analyses of representative plants should adequately reflect the rest of the fleet of 
U.S. BWRs with Mark I and II containments. However, on a plant-specific 
basis, design differences might influence the optimization of strategies. 
Consequently, these strategies should be evaluated on a plant-specific basis 
before implementation.  
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Section 5: Insights 
Viable methods exist for reducing radiological releases and the potential for land 
contamination from postulated severe core damage accidents in BWR Mark I 
and II containments. Many of these mitigation strategies use existing 
containment systems and SAMG elements and strategies to provide core debris 
cooling and containment radionuclide aerosol removal through drywell sprays 
and the suppression pool. In conjunction with controlled venting to maximize 
residence time and the benefits of suppression pool scrubbing, significant 
mitigation of radionuclide release can be obtained. These strategies maintain the 
radionuclides within the designed containment barrier and greatly limit the 
potential for land contamination using existing systems. Finally, protection of the 
drywell–wetwell interface (such as sump drain lines) in a Mark II containment 
has been identified as an important element in reducing radionuclide releases 
from those containments. 

This section describes the generic implications that were highlighted by the cases 
described in the previous sections. Although these insights are believed to be 
generically applicable to all BWRs with Mark I and II containments, plant-
specific analyses can be used to optimize the implementation details.  

5.1 No Single Strategy Alone is Effective 

This investigation into strategies has demonstrated that no single strategy alone 
is effective in optimizing retention of radioactive fission products in the 
containment system. The most effective strategies involve combinations of active 
debris cooling strategies and containment venting. Even containment vent filters 
are rendered ineffective when active debris cooling strategies are not used. 

5.1.1 Active Core Debris Cooling Is Required 

Strategies for cooling core debris are already addressed in existing SAMGs. Core 
debris cooling is an important element of a robust strategy for mitigating releases 
from BWR Mark I and II containments. If debris cooling is not provided 
through active water injection or spray into the drywell, there is a high likelihood 
that containment degradation and, ultimately, failure will occur. Without core 
debris cooling, the containment can be challenged in several ways.  

One challenge is that molten debris can come into direct contact with the 
containment wall, quickly melting the liner or shell and providing a significant 
release path to the environment. Past studies have shown that this failure mode is 
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prevented if water is present on the containment floor before vessel breach. For 
example, if there is no water on the floor of a Mark I containment before vessel 
breach, drywell shell failure is predicted to occur within a few minutes due to the 
direct contact. 

Another challenge is a result of elevated drywell temperature. Without a 
continued supply of water on the debris, temperatures in the containment 
atmosphere temperature can exceed 500°F and even 1000°F in the course of a few 
hours. At these elevated temperatures, seals and other containment penetrations 
can degrade and leak. Also, as temperatures exceed 1000°F, the structural 
integrity of the containment itself can be compromised. 

A third challenge is associated with core-concrete interactions. CCI presents a 
twofold challenge. First, CCI generates a substantial volume of noncondensable 
gas to the containment, increasing the containment pressure. The pressure due to 
gas generation requires venting of the containment within a few hours of vessel 
breach. Second, concrete erosion can challenge containment integrity over a 
longer period of many hours or days. 

In short, if core debris cooling is not provided through spray or submergence, the 
scenario will ultimately compromise the containment boundary and become a 
containment bypass scenario. 

5.2 Existing Severe Accident Management Guideline 
Strategies Provide Substantial Benefit 

The existing strategies contained in SAMGs provide substantial benefits in 
reducing radiological releases. In fact, active debris cooling called for by SAMGs 
through containment flooding or spray is an important element of a robust 
release reduction strategy for BWR Mark I and II containments. Containment 
venting under severe accident conditions, also addressed in SAMGs, is critical as 
well. The following insights relative to SAMGs are identified from this 
investigation.  

5.2.1 Spraying the Containment Atmosphere Is Beneficial 

Spraying the containment atmosphere is also a strategy included in existing 
SAMGs. In BWRs, spraying the drywell atmosphere is an effective way of 
reducing the airborne fission products in containment. The simulations confirm 
that the overall containment system DF is higher when sprays are used. 
Sensitivity studies intended to probe the effectiveness of spraying show that an 
effective spray pattern can increase the overall containment DF by a factor of 
two, as compared to a containment flooding case. 
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5.2.2 Venting Prevents Uncontrolled Release and Manages 
Hydrogen 

The severe accident scenarios evaluated in this report all progress to the point at 
which the core debris is discharged into the containment. Water is needed to 
cool the debris. Although quenching is beneficial, it produces a large amount of 
steam. Unless active heat removal systems are available, the pressurization will 
continue beyond containment design pressure to the point of containment 
failure. Thus, even with core debris cooling, venting the containment is required 
to avoid the possibility of an uncontrolled release when normal heat removal 
systems are unavailable or ineffective. 

The initial venting action to prevent containment overpressure challenges would 
be done using a wetwell vent to maximize the radionuclide scrubbing potential of 
the suppression pool. Because the core debris needs continuous cooling water, 
eventually the water level in the containment will reach the point at which 
venting should switch from the wetwell vent to the drywell vent. In the 
simulations run for this report, this generally happens within the first 24 hours of 
the event. If higher flow rates are provided for debris cooling, the need to transfer 
to the drywell vent will occur sooner. This is a tradeoff because the increased flow 
rate will cause an earlier transfer time, but the actual need to open the drywell 
vent will be delayed. 

For the Mark II containment configurations, more of the debris is calculated to 
find its way to the bottom of the suppression pool, leaving less debris to cool on 
the drywell floor. Because of this configuration-specific phenomenon, drywell 
venting for a Mark II containment can be delayed for a number of days by 
controlling the water flow into the containment. BWRs with Mark I and Mark 
II containments benefit from reliable severe accident hardened vents connected 
to the wetwell atmosphere and the drywell atmosphere. At a minimum, the 
wetwell vent needs the ability to be closed in a severe accident when the 
suppression pool level reaches a high level. 

A secondary benefit of the vent is managing the buildup of hydrogen in 
containment.  During the core melt process and when CCI occurs, hydrogen can 
be generated in large quantities. Venting of the containment has two beneficial 
effects with respect to hydrogen. First, by maintaining containment pressure 
below the design pressure of the containment boundary, the leakage rate of 
hydrogen is reduced. Second, during venting, hydrogen is swept from 
containment and replaced by steam generated by the decay heat from debris 
cooling.  

5.2.3 Control of the Vent Provides Benefit 

The key to controlling the amount of radioactive material that is released to the 
environment is ensuring that the containment compartment has the minimum 
amount of airborne contamination while venting is occurring. This requires that 
the vent has the ability to open and close during a severe accident. 
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In the early portions of the accident (before and immediately following vessel 
breach), the suppression pool can be highly subcooled and provide substantial 
scrubbing of fission products. The Cs fraction in the wetwell airspace is quite 
small in this time frame. If the wetwell vent is opened and then reclosed before a 
significant amount of fission product transport from the drywell airspace to the 
wetwell airspace occurs, the overall containment DF can remain quite high. This 
is a combination of maintaining suppression pool subcooling (by not fully 
depressurizing the containment) and terminating the vent flow before the 
concentration of fission products in the drywell airspace reaches a high level. This 
can be accomplished by minimizing the time that the wetwell vent is in the open 
position. 

The simulations that were run for this report investigated two different types of 
vent controls: automatic and manual. The automatic control simply opened the 
vent when the drywell pressure exceeded a specified value and reclosed when the 
drywell pressure dropped below a different specified value. This scheme tended 
to provide the highest DFs for both containment types. The reaction time of the 
automatic system is assumed to be on the order of 1 minute.  

When the manual scheme was included in a simulation, the reaction time to 
change the state of the vent was limited to 5 minutes. In these cases, simply 
reacting to containment pressure was not sufficient to achieve high overall DF. 
Additional scenario-specific information is needed for the operators to prevent a 
significant release. Use of this strategy would need to be closely coordinated with 
emergency procedure guidance for the plant. 

5.2.4 Early Venting of Noncondensable Gases Can Be 
Beneficial 

In the baseline cases considered in this report, up to 20% of the pressure in the 
containment at the time of vessel breach is due to the pressure exerted by the 
noncondensable gas generated during the core melt. Most of this gas is hydrogen. 
One strategy that the simulations have shown to be effective in reducing release 
magnitudes is to vent these gases from the containment before vessel breach. By 
removing these gases from the containment, the challenge to containment 
ultimate pressure is minimized, and the subsequent actions can be more effective 
at reducing the total release. 

5.2.5 A Low-Efficiency Filter Can Further Reduce the 
Radionuclide Release 

Many of the strategies evaluated in this report show a fairly high DF (greater 
than 1000). These can potentially be enhanced by adding a low-efficiency filter 
to the vent path that further reduces the released fission product fraction. It 
should be noted that DFs much greater than 1000 are approaching the resolution 
limits of current severe accident computer codes. Additional caution should be 
applied because the aerosol remaining after deploying the strategies would be 
composed of much smaller particles.  The efficiency of the removal of these very 
small particles has not been demonstrated with current filter designs. Additional 
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research is needed to assess the efficacy of current and new filter designs when 
used in combination with the combined strategies, specifically, to evaluate the 
magnitude of the filter DF under these conditions. 

5.2.6 Protection of Drywell–Wetwell Interface in Mark II 
Containment Is Beneficial 

Potential suppression pool bypass mechanisms in the Mark II containment can 
significantly reduce the effectiveness of fission product scrubbing during wetwell 
venting. For example, penetrations through the drywell floor—such as the floor 
drain and equipment drain sumps in the lower drywell, which are operationally 
necessary to measure reactor pressure vessel leakage during power operation—
have sump drain lines that pass through the wetwell airspace. In a severe accident 
with ex-vessel core debris, the debris is likely to enter these drain lines, melt the 
drain line wall, and provide a suppression pool bypass pathway.  

This suppression pool bypass mechanism has been previously identified in BWR 
Mark II probabilistic risk assessments. In general, the release occurs late in the 
accident and does not significantly contribute to early health effects, but it can 
have a significant impact on the severity of the radiological release. When the 
figure of merit is land contamination, the timing of this phenomenon does not 
reduce the impact. 

If the drywell–wetwell interface in the Mark II configuration is protected from 
core debris so that a gas flow pathway between the drywell airspace and the 
wetwell airspace is prevented, the overall effectiveness of the Mark II 
containment strategies is increased. 

5.2.7 Control of the Vent Provides Benefit 

The key to controlling the amount of radioactive material that is released to the 
environment is to ensure that the compartment of the containment that is vented 
has the minimum amount of airborne contamination while the vent is occurring. 
This requires that the vent has the ability to open and close during a severe 
accident. 

In the early portions of the accident (before and immediately following vessel 
breach), the suppression pool can be highly subcooled and provide substantial 
scrubbing of fission products. The Cs fraction in the wetwell airspace is quite 
small in this time frame. If the wetwell vent is opened and then reclosed before a 
significant amount of fission product transport from the drywell airspace to the 
wetwell airspace occurs, the overall containment DF can remain quite high. This 
is a combination of maintaining suppression pool subcooling (by not fully 
depressurizing the containment) and terminating the vent flow before the 
concentration of fission products in the drywell airspace reaches a high level. This 
can be accomplished by minimizing the time that the wetwell vent is in the open 
position. 
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The simulations that were run for this report investigated two different types of 
vent controls: automatic and manual. The automatic control simply opened the 
vent when the drywell pressure exceeded a specified value and reclosed when the 
drywell pressure dropped below a different specified value. This scheme tended 
to provide the highest DFs for both containment types. The reaction time of the 
automatic system is assumed to be on the order of 1 minute.  

When the manual scheme was included in a simulation, the reaction time to 
change the state of the vent was limited to 5 minutes. In these cases, simply 
reacting to containment pressure was not sufficient to achieve high overall DF. 
Additional scenario-specific information is needed for the operators to prevent a 
significant release. Use of this strategy would need to be closely coordinated with 
emergency procedure guidance for the plant. 

5.2.8 Early Venting of Noncondensable Gases Can Be 
Beneficial 

In the baseline cases considered in this report, up to 20% of the pressure in the 
containment at the time of vessel breach is due to the pressure exerted by the 
noncondensable gas generated during the core melt. Most of this gas is hydrogen. 
One strategy that the simulations have shown to be effective in reducing release 
magnitudes is to vent these gases from the containment before vessel breach. By 
removing these gases from the containment, the challenge to containment 
ultimate pressure is minimized, and the subsequent actions can be more effective 
at reducing the total release. 

5.2.9 A Low-Efficiency Filter Can Further Reduce the 
Radionuclide Release 

Many strategies show a fairly high DF (such as >1000) that is within the 
resolution that can be computed by current severe accident analysis. These can 
potentially be enhanced by adding a low-efficiency filter to the vent path that 
further reduces the released fission product fraction. However, caution should be 
applied because the aerosol remaining after deploying the strategies would be 
composed of much smaller particles.  The efficiency of the removal of these very 
small particles has not been demonstrated with current filter designs. Additional 
research is needed to assess the efficacy of current and new filter designs when 
used in combination with the combined strategies, specifically, to evaluate the 
magnitude of the filter DF under these conditions. 

5.2.10 Protection of Drywell–Wetwell Interface in Mark II 
Containment Is Beneficial 

Potential suppression pool bypass mechanisms in the Mark II containment can 
significantly reduce the effectiveness of fission product scrubbing during wetwell 
venting. For example, penetrations through the drywell floor—such as the floor 
drain and equipment drain sumps in the lower drywell, which are operationally   
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necessary to measure RPV leakage during power operation—have sump drain 
lines that pass through the wetwell airspace. In a severe accident with ex-vessel 
core debris, the debris is likely to enter these drain lines, melt the drain line wall, 
and provide a suppression pool bypass pathway.  

This suppression pool bypass mechanism has been previously identified in BWR 
Mark II probabilistic risk assessments. In general, the release occurs late in the 
accident and does not significantly contribute to early health effects, but it can 
have a significant impact on the severity of the radiological release. When the 
figure of merit is land contamination, the timing of this phenomenon does not 
reduce the impact. 

If the drywell–wetwell interface in the Mark II configuration is protected from 
core debris so that a gas flow pathway between the drywell airspace and the 
wetwell airspace is prevented, the overall effectiveness of the Mark II 
containment strategies is increased. 
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Appendix A: Use of MACCS2 to Define 
Land Contamination Figure 
of Merit 

This appendix briefly describes important aspects of the current modeling of the 
economic consequences of land contamination (ECLC) associated with 
commercial nuclear power plant severe accident analyses in the United States. 
The most common recent application of ECLC modeling has been in the severe 
accident mitigation alternatives (SAMA) analyses performed to support license 
renewal applications. The focus of this appendix is on the considerations, 
methods, data, and examples of ECLC modeling as applied in SAMA analyses.  

For a SAMA analysis, a site-specific MELCOR accident consequence code 
system (MACCS2) model is developed to calculate the off-site population dose 
(total person-rem) and off-site direct economic impacts (total dollars) associated 
with a spectrum of potential severe accidents [8]. Other analytical approaches are 
used to estimate the other three SAMA consequence categories of on-site dose, 
on-site cleanup costs, and replacement power costs.  

The MACCS2 model uses a polar coordinate system with the reactor plant 
located at the center, and the analysis region typically extends to a 50-mi radius 
from the plant. Site-specific population distribution and economic data (such as 
value of land) are used in the model for each of the polar coordinate grid 
elements in the model. The MACCS2 model typically uses a site-specific 
meteorological file composed of hourly weather data (such as wind speed, wind 
direction, and precipitation) for an entire year. The hourly data are normally 
assigned by MACCS2 into weather bins, and weather sequences from each bin 
are sampled for each radiological release included in the MACCS2 analysis. In 
this way, MACCS2 is able to probabilistically evaluate the mean (average) 
consequence results associated with the variation of weather conditions. 
Therefore, MACCS2 output results typically provide the mean value (used in 
SAMA analyses) as well as other points on the distribution such as 50th 
percentile, 95th percentile, 99.5th percentile, and peak result associated with 
weather variation.  
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The radiological releases modeled in a SAMA MACCS2 analysis typically result 
in dose and costs from the early phase (such as the first week) after the postulated 
release and the late phase (such as 30 years) following the release. MACC2 also 
allows modeling of an intermediate phase (lasting up to one year).  

In most SAMA analyses, the MACCS2 consequence results associated with the 
early phase are small compared to those resulting from the intermediate and late 
phases. This is particularly the case with economic impacts calculated by 
MACCS2. The costs associated with evacuation in the early phase is generally 
quite small compared to longer-term costs associated with contaminated land 
that are reflected in the intermediate and late phases. To calculate these costs, the 
code must estimate the amount of land that is expected to be contaminated by 
the release. In this analysis, it is this intermediate result that is used as a figure of 
merit. 

As part of the atmospheric transport and dispersion calculations within 
MACCS2, deposition of radiological material from the atmospheric release is 
modeled to occur through dry deposition (such as gravitational settling or 
impaction) and wet deposition (such as scavenging by rain).  

Within MACCS2, farm land and non-farm land (residential, commercial, and 
industrial property) are evaluated separately, using different criteria. Criteria for 
farm land are based on factors associated with foodstuffs. Criteria for non-farm 
land are based on dose due to direct exposure.  

To investigate the sensitivity of land contamination on the magnitude of 
radionuclide release, a representative MACCS2 model was developed and 
exercised. The parameters selected as input to the MACCS2 model included the 
following: 

 A representative high-population site (approximately 5 million within 50 mi) 

 Population developed to exceed 90% population distribution from 
NUREG/CR-2239 [9] 

 This puts the population in the top 10 of all U.S. plants for 10-mi and 50-mi 
radius 

 Farm land and population-dependent habitability criteria are not assumed to 
be the same 

 Farm land criteria are assumed to be more stringent and are therefore 
conservative when used to estimate the portion of land requiring 
decontamination 

 Cs release fractions range from 1.E-6 to 0.50  

 Other elemental release fractions are assumed consistent with Cs release 

 Release duration is assumed to be 1 hour beginning at 10 hours 
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 Warning time is 30 minutes 

 Evacuation speed is 1 m/sec 

 Release height is 25 m with no heat energy added  

These inputs were selected as representative of the higher-population sites in the 
United States. Other input assumptions are consistent with those typically used 
in SAMA analyses. 

A.1 Sensitivity of Land Contamination Estimate to Release 
Magnitude 

To understand how containment performance impacts the level of land 
contamination, a series of MACCS2 sensitivity studies were performed to 
consider how the land area requiring decontamination varies with containment 
system decontamination factor (DF). Containment system DF was varied over a 
broad range from a maximum cesium (Cs) release fraction of 0.5 (essentially no 
retention in containment) to a release fraction of one one-hundred thousandth 
(0.00001). The overall containment system DF is defined as the inverse of the  
Cs release fraction, so a Cs release fraction of 0.01 (1%) equates to a DF of 
1/0.01 or 100. 

Figure A-1 displays both the mean and 99.5th percentile MACCS2 results for 
this range, normalized to show the relative level of land contaminated for the 
spectrum of cases. The 99.5% confidence value is based on weather variability 
impacts and shows how even the extreme values involving rare weather 
conditions behave similarly. In both curves, a significant bend in the curve occurs 
between an overall DF of between 100 and 1000. This demonstrates a 
diminishing benefit for further reduction in the Cs release at DF values 
approaching 1000, which happens to also correspond with the level at which DF 
values reach the level of resolution of modern severe accident analysis. 
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Figure A-1 
Land contamination sensitivity with MACCS2 
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Appendix B: Description of Cases for 
BWR with Mark I 
Containment 

This appendix provides a summary of the MAAP analyses carried out in support 
of the evaluation of BWR Mark I containments. 

B.1 No Venting, No Debris Cooling (No Vent) 

As a reference for all other calculations, a base-case station blackout event was 
analyzed without crediting any mitigation measures. The sequence of events is 
provided in Table B-1. This timeline uses a highly conservative set of 
assumptions, including the rapid onset of core damage, which is useful for 
comparing alternative mitigation strategies. In reality, severe accident strategies 
are expected to prevent core damage or substantially ameliorate radiological 
consequences by delaying the onset of core damage. In conjunction with the loss 
of all ac power, cooling to the recirculation pumps is lost, and the analysis 
assumes that a small seal leakage is developed at time zero. The leakage for all the 
following analyses is assumed to be 36 gpm (18 gpm per pump) evaluated at the 
normal operating pressure and temperature of the reactor vessel. 
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Table B-1 
No Venting—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

Reactor core isolation cooling (RCIC) lost due to loss of dc 
power 

4.0 

Core uncovered 5.2 

Onset of core damage6  6.1 

Single safety relief valve (SRV) assumed to seize open 6.1 

Core material relocation to the lower plenum 8.8 

Reactor vessel breach 12.0 

Drywell shell failure 12.3 

Increased drywell leakage 63.7 

Initial core cooling is provided by reactor core isolation cooling (RCIC), but this 
system requires dc power, which is assumed to be exhausted at 4 hours. During 
this time, decay heat is transferred to the suppression pool by the RCIC exhaust 
and the SRVs. After the RCIC loses power, steam continues to discharge to the 
suppression pool through the SRVs. At approximately 5.2 hours, the water level 
drops below top of active fuel and the core begins to heat up. By 6.1 hours, the 
hottest node in the core reaches 1800°F, and significant quantities of hydrogen 
start to be generated in the vessel. Up to this time, the containment has 
pressurized to approximately 13 psig. As a result of high-temperature gas 
entering the main steam line as the SRV cycles open, it is assumed that a single 
SRV will fail in the open position immediately following the onset of core 
damage. This assumption is based on the technical evaluation done by the 
Nuclear Regulatory Commission [7]. Over the next hour, a substantial volume of 
hydrogen is generated as the hot clad reacts with steam in the vessel. The 
hydrogen is transported to the suppression pool through the SRVs, leading to a 
containment pressure of 33 psig. The suppression pool continues to heat up 
during the time that the core is melting and relocating to the lower head of the 
reactor vessel.  

For the case analyzed, vessel breach due to the presence of core material in the 
lower plenum occurs at approximately 12 hours into the event. As a result of the 
presence of water on the drywell floor at the time of vessel breach (due to seal 
leakage), the pressure in the drywell increases rapidly immediately following the 
discharge of core material from the reactor vessel. The increase in containment 
pressure is due to the additional hydrogen generated, boiling of any water on the 
floor, and boiling of additional water discharged from the reactor vessel. In the 
absence of continued water injection to cool the core material ex-vessel, an 
assumed failure of the drywell shell occurs within 15 minutes following the 
discharge of molten debris into the containment. At this time, a release from the 
                                                                 
6 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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drywell into the reactor building occurs with limited scrubbing of the fission 
products. Figures B-1 through B-6 provide plots of key output parameters for 
this case. The plot variables are defined in Table B-2.  

Table B-2 
Plotted Variable Definitions 

Variable 
Name 

Description 

DW pressure Pressure in the drywell 

Supp pool temp Suppression pool water temperature 

CsI DW 
leakage 

Fraction of cesium iodide (CsI) discharged through normal 
drywell leakage path 

CsI DW vent Fraction of CsI discharged through drywell vent path 

CsI WW vent Fraction of CsI discharged through torus (wetwell) vent path 

CsI DW shell Fraction of CsI discharged through drywell shell failure path 

 

Figure B-1 
Mark I, NoVent, drywell pressure 
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Figure B-2 
Mark I, NoVent, pool temperature 

 

Figure B-3 
Mark I, NoVent, cesium iodide drywell vent 
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Figure B-4 
Mark I, NoVent, cesium iodide wetwell vent 

 

Figure B-5 
Mark I, NoVent, cesium iodide drywell leakage 
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Figure B-6 
Mark I, NoVent, cesium iodide drywell shell 

As can be seen in the drywell pressure plot (Figure B-1), shell failure occurs just 
following vessel breach and results in a rapid drop in containment pressure. The 
fraction of CsI released through this path is shown in Figure B-6 and shows a 
corresponding increase in release just following drywell shell failure to a value of 
approximately 6% of the initial CsI inventory. Because none of the vent paths 
were opened, the corresponding releases appear as zero. Beginning after the 
initial puff release at containment failure, there is a slow release of an additional 
5% CsI extending to the end of the analysis at 72 hours. This is typical of long-
term heat-up and revaporization of previously deposited fission products in the 
reactor vessel. At 64 hours into the event, additional leakage is calculated to occur 
due to increasing temperature within the drywell7 (see Figure 6-5). In addition, 
without cooling water provided to the core debris, long-term core–concrete 
interaction results in an additional release of radionuclides. 

The overall CsI release from containment for this case is approximately 11%, 
corresponding to an estimated DF for the containment of 9.  

  

                                                                 
7 At the end of the run, drywell leakage is still increasing. This value is a small fraction of the 
release through the drywell failure and is expected to reach a steady-state value that is smaller than 
the release through the failure because the leakage area is much smaller than the failure area. 
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The key insights from this base-case scenario include the following: 

 Without ex-vessel core debris cooling, there is some likelihood that the 
drywell shell will fail immediately following vessel breach and provide a 
direct release path for radionuclides. 

 Without core debris and drywell cooling, previously deposited fission 
products can revaporize due to increasing temperatures and contribute to an 
additional release from containment. 

B.2 Reliable Hardened Vent, No Debris Cooling (RHV) 

This strategy is nearly identical to the no venting case. The reliable hardened 
vent (RHV) is assumed to be opened as a result of the pressure spike following 
vessel breach and a release path is established initially through the wetwell vent. 
The key event timing is provided in Table B-3; the times are quite similar to 
those from the no venting case. 

Table B-3 
Reliable Hardened Vent—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Core uncovered 5.2 

Onset of core damage8  6.1 

Single SRV assumed to seize open 6.1 

Core material relocation to the lower plenum 8.8 

Reactor vessel breach 12.0 

Wetwell vent open 12.1 

Drywell shell failure 12.3 

Increased drywell leakage 50.5 

Figures B-7 through B-12 provide plots of key output parameters for this case. 
The plot variables are defined in Table B-2. 

                                                                 
8 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure B-7 
Mark I, RHV, drywell pressure 

 

Figure B-8 
Mark I, RHV, pool temperature 
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Figure B-9 
Mark I, RHV, cesium iodide drywell vent 

 

Figure B-10 
Mark I, RHV, cesium iodide wetwell vent 
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Figure B-11 
Mark I, RHV, cesium iodide drywell leakage 

 

Figure B-12 
Mark I, RHV, cesium iodide drywell shell 
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As can be seen in the drywell pressure plot (Figure B-7), wetwell venting occurs 
just following vessel breach and results in a rapid drop in containment pressure. 
The fraction of CsI released through this path is shown in Figure B-10 and 
represents a release of approximately 0.1%. A significant increase in release due 
to drywell shell failure occurs immediately following vent actuation, with 4% of 
the initial CsI inventory released via this pathway. Similar to the no venting case, 
without continued cooling of the ex-vessel core debris, the drywell gas will reach 
an extremely high temperature from thermal radiation off the debris. In addition, 
there will be prolonged core–concrete interaction, resulting in a continued 
driving force for the release. At 50.5 hours into this event, the temperatures have 
increased to the point at which additional leakage is estimated to occur, as shown 
in Figure B-11. The overall CsI release from containment for this case is 
approximately 9%, corresponding to an estimated overall DF of 10.  

The key insights from this base-case scenario include the following: 

 Without ex-vessel core debris cooling, even with successful use of the RHV, 
there is some likelihood that the drywell shell will fail following vessel breach 
and provide a direct release path for radionuclides. 

 Without core debris and drywell cooling, previously deposited fission 
products can revaporize due to increasing temperatures and contribute to an 
additional release from containment. 

B.3 External Torus Spray with Reliable Hardened Vent, No 
Debris Cooling (ACHR) 

This strategy is nearly identical to the RHV case. In addition to operation of the 
RHV, a strategy was developed to remove decay heat by spraying the outer 
surface of the torus shell. The RHV is assumed to be opened as a result of the 
pressure spike following vessel breach, and a release path is established initially 
through the wetwell vent. The key event timing is provided in Table B-4; the 
times are quite similar to those from the RHV case. 
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Table B-4 
Alternate Containment Heat Removal—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Core uncovered 5.2 

Initiate external torus cooling 5.0 

Onset of core damage9  6.1 

Single SRV assumed to seize open 6.1 

Core material relocation to the lower plenum 8.7 

Reactor vessel breach 12.0 

Wetwell vent open 12.0 

Drywell shell failure 12.2 

Increased drywell leakage 50.4 

Figures B-13 through B-18 provide plots of key output parameters for this case. 
The plot variables are defined in Table B-2. 

 

Figure B-13 
Mark I, ACHR, drywell pressure 

                                                                 
9 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800ºF.  
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Figure B-14 
Mark I, ACHR, pool temperature 

 

Figure B-15 
Mark I, ACHR, cesium iodide drywell vent 
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Figure B-16 
Mark I, ACHR, cesium iodide wetwell vent 

 

Figure B-17 
Mark I, ACHR, cesium iodide drywell leakage 
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Figure B-18 
Mark I, ACHR, cesium iodide drywell shell 

As can be seen in all of the plots, the response is essentially the same as for the 
RHV case, with one minor exception. Due to the external torus spray, the 
suppression pool water temperature is shown to drop over the duration of the 
event. The overall CsI release from containment for this case is approximately 
7%, corresponding to an estimated overall DF of 10.  

The key insights from this base-case scenario include the following: 

 Without ex-vessel core debris cooling, even with suppression pool heat 
removal, there is some likelihood that the drywell shell will fail following 
vessel breach and provide a direct release path for radionuclides. 

 Without core debris and drywell cooling, previously deposited fission 
products can revaporize due to increasing temperatures and contribute to an 
additional release from containment. 

B.4 Containment Flooding Without Venting (Flood) 

This strategy involves the use of drywell flooding before vessel breach but 
without the use of the RHV. For the conditions of this accident sequence, the 
BWR Owners Group (BWROG) severe accident management guidelines 
(SAMGs) would instruct the operators to establish water on the drywell floor 
before vessel breach. For this analysis, the trigger to initiate sprays occurs 1 hour 
after the loss of RCIC. A delivered flow of 500 gpm is assumed. The key event 
timing is provided in Table B-3. 
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Table B-5 
Flood—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell flooding 5.0 

Core uncovered 5.5 

Onset of core damage10  6.4 

Single SRV assumed to seize open 6.4 

Core material relocation to the lower plenum 9.1 

Reactor vessel breach 12.1 

Drywell failure due to overpressure 12.5 

Figures B-19 through B-24 provide plots of key output parameters for this case. 
The plot variables are defined in Table B-2. 

 

Figure B-19 
Mark I, Flood, drywell pressure 

                                                                 
10 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure B-20 
Mark I, Flood, pool temperature 

 

Figure B-21 
Mark I, Flood, cesium iodide drywell vent 
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Figure B-22 
Mark I, Flood, cesium iodide wetwell vent 

 

Figure B-23 
Mark I, Flood, cesium iodide drywell leakage 
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Figure B-24 
Mark I, Flood, cesium iodide drywell shell 

Without the operation of the RHV, the containment pressurizes immediately 
following vessel breach and approaches the ultimate failure pressure of 
approximately 120 psig. At this point, it is assumed that a large break occurs in 
the drywell head region, resulting in a release of approximately 6% of the CsI. 
The overall CsI release from containment for this case is approximately 6.0%, 
corresponding to an estimated overall DF of 16.  

The key insights from this base-case scenario include the following: 

 Operation of drywell sprays provides ex-vessel core debris cooling and 
provides some amount of scrubbing of the drywell atmosphere. 

 Without containment heat removal or operation of the RHV, drywell sprays 
alone will not prevent pressurizing the containment to the ultimate failure 
conditions. 

B.5 Drywell Sprays Without Venting (Spray) 

This strategy involves the use of drywell sprays before vessel breach but without 
the use of the RHV. For the conditions of this accident sequence, the BWROG 
SAMGs would instruct the operators to establish water on the drywell floor 
before vessel breach. For this analysis, the trigger to initiate sprays occurs at 1 
hour after the loss of RCIC. A delivered flow of 500 gpm is assumed, with the 
typical input parameters selected for the initial spray droplet size (3.6 mm), 
aerosol removal efficiency (0.02), and a droplet fall height of 46 ft. The 
uncertainty associated with these input values is described in Appendix D. The 
key event timing is provided in Table B-6. 
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Table B-6 
Spray—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell sprays 5.0 

Core uncovered 5.2 

Onset of core damage11  6.4 

Single SRV assumed to seize open 6.4 

Core material relocation to the lower plenum 9.0 

Reactor vessel breach 12.1 

Drywell failure due to overpressure 12.5 

Secure sprays due to high drywell level 58.3 

Figures B-25 through B-30 provide plots of key output parameters for this case. 
The plot variables are defined in Table B-2. 

 

Figure B-25 
Mark I, Spray, drywell pressure 

                                                                 
11 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure B-26 
Mark I, Spray, pool temperature 

 

Figure B-27 
Mark I, Spray, cesium iodide drywell vent 
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Figure B-28 
Mark I, Spray, cesium iodide wetwell vent 

 

Figure B-29 
Mark I, Spray, cesium iodide drywell leakage 
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Figure B-30 
Mark I, Spray, cesium iodide drywell shell 

Without the operation of the RHV, the containment pressurizes immediately 
following vessel breach and approaches the ultimate failure pressure of 
approximately 120 psig. At this point, it is assumed that a large break occurs in 
the drywell head region, resulting in a release of approximately 4% of the CsI. 
The overall CsI release from containment for this case is approximately 4.2%, 
corresponding to an estimated overall DF of 24.  

The key insights from this base-case scenario include the following: 

 Operation of drywell sprays provides ex-vessel core debris cooling and 
provides some amount of scrubbing of the drywell atmosphere. 

 Without containment heat removal or operation of the RHV, drywell sprays 
alone will not prevent pressurizing the containment to the ultimate failure 
conditions. 

B.6 Containment Flooding with Reliable Hardened Vent 
(FloodRHV) 

This strategy is identical to the case with drywell sprays and RHV. The only 
difference is that the benefits of drywell atmosphere spraying are not directly 
observed. Water is assumed to be injected either into the failed reactor vessel or 
onto the drywell floor from an external source. For the conditions of this accident 
sequence, the BWROG SAMGs would instruct the operators to establish water 
on the drywell floor before vessel breach. For this analysis, the trigger to initiate 
flooding the drywell occurs at 1 hour after the loss of RCIC. A delivered flow of 
500 gpm is assumed. The key event timing is provided in Table B-7. 
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Table B-7 
Flood and Reliable Hardened Vent—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell flooding 5.0 

Core uncovered 5.2 

Onset of core damage12  6.1 

Single SRV assumed to seize open 6.1 

Core material relocation to the lower plenum 8.9 

Reactor vessel breach 12.0 

Wetwell vent open 12.1 

Wetwell vent closed due to high pool level 17.7 

Secure flood due to high drywell level 52.1 

Drywell vent opened 66.0 

Figures B-31 through B-36 provide plots of key output parameters for this case. 
The plot variables are defined in Table B-2. 

 

Figure B-31 
Mark I, FloodRHV, drywell pressure 

                                                                 
12 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure B-32 
Mark I, FloodRHV, pool temperature 

 

Figure B-33 
Mark I, FloodRHV, cesium iodide drywell vent 
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Figure B-34 
Mark I, FloodRHV, cesium iodide wetwell vent 

 

Figure B-35 
Mark I, FloodRHV, cesium iodide drywell leakage 
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Figure B-36 
Mark I, FloodRHV, cesium iodide drywell shell 

The sequence progresses in a similar manner as the case with sprays and the 
RHV. The major difference is that the airborne mass of radionuclides is slightly 
higher for this case compared to the case with sprays. The CsI release through 
the initial opening of the wetwell vent is shown to be about 0.35%, compared to 
0.2% for the case with drywell sprays. The overall CsI release from containment 
for this case is approximately 0.35%, corresponding to an estimated overall 
DF of 300.  

The key insights from this base-case scenario include the following: 

 Coupled with ex-vessel core debris cooling, operation of the RHV can be an 
effective strategy to minimize the possible release of radionuclides in a severe 
accident. 

 Flooding of the drywell provides the major benefit of preventing drywell shell 
failure and long-term heat-up of the containment. However, sprays provide 
the added benefit of reducing the airborne fission product concentration and 
further reducing the CsI release. 

B.7 Drywell Spray with Reliable Hardened Vent (SprayRHV) 

This strategy involves the use of drywell sprays before vessel breach, in 
conjunction with operation of the RHV. For the conditions of this accident 
sequence, the BWROG SAMGs would instruct the operators to establish water 
on the drywell floor before vessel breach. For this analysis, the trigger to initiate 
sprays occurs 1 hour after the loss of RCIC. A delivered flow of 500 gpm is 
assumed, with the typical input parameters selected for the initial spray droplet 

0.00E+00

2.00E-01

4.00E-01

6.00E-01

8.00E-01

1.00E+00

0 50 100 150

Cs
I D

W
 S

he
ll

Time (hrs)

Mark I
FloodRHV



 

 B-28  

size (3.6 mm), aerosol removal efficiency (0.02), and a droplet fall height of 46 ft. 
The uncertainty associated with these input values is described in Appendix D. 
The key event timing is provided in Table B-8. 

Table B-8 
Spray and Reliable Hardened Vent—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell sprays 5.0 

Core uncovered 5.2 

Onset of core damage13  6.1 

Single SRV assumed to seize open 6.1 

Core material relocation to the lower plenum 8.7 

Reactor vessel breach 11.8 

Wetwell vent open 11.9 

Wetwell vent closed due to high pool level 17.9 

Secure sprays due to high drywell level 52.2 

Open drywell vent 67.0 

Figures B-37 through B-42 provide plots of key output parameters for this case. 
The plot variables are defined in Table B-2. 

 

                                                                 
13 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure B-37 
Mark I, SprayRHV, drywell pressure 

 

Figure B-38 
Mark I, SprayRHV, pool temperature 
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Figure B-39 
Mark I, SprayRHV, cesium iodide drywell vent 

 

Figure B-40 
Mark I, SprayRHV, cesium iodide wetwell vent 
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Figure B-41 
Mark I, SprayRHV, cesium iodide drywell leakage 

 

Figure B-42 
Mark I, SprayRHV, cesium iodide drywell shell 
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The sequence progresses in a similar manner as the no vent case, up until the 
sprays are activated at 5 hours. At this time, water accumulates on the drywell 
floor and then spills over into the torus. Without cooling to the core inside the 
reactor vessel, core damage and vessel breach occur in a similar time period as in 
the no vent case. As in the RHV case, the containment pressurizes to the wetwell 
vent set pressure immediately following vessel breach, and the vent is assumed to 
be opened.  

Figure B-22 shows that the initial wetwell venting results in a CsI release of 
about 0.2%. The wetwell vent remains open until the water level in the torus 
exceeds a level, indicated by the SAMGs, that requires isolation of that vent path 
to prevent water flow out of the vent. This occurs about 18 hours into the event. 
Beyond this point, no active vent paths are open, other than the release that can 
occur through the normal leakage pathways. As a result, any fission products in 
the containment atmosphere have an opportunity to be removed by passive 
settling mechanisms. Water continues to be added to the containment through 
the drywell sprays and, according to guidance in the BWROG SAMGs, at a 
level near the top of active fuel, isolation of the external water source is assumed. 
This happens 52 hours into the event and, correspondingly, the suppression pool 
temperature (Figure B-20) and drywell pressure (Figure B-19) can be seen to 
begin a more rapid increase.  

At 67 hours into the event, the pressure has increased to 60 psig, and the 
operators are assumed to open the drywell vent. Due to the extended time to 
repressurize containment, a large fraction of the fission products have been 
removed from the atmosphere so that when the drywell vent is opened, there is a 
very small release of CsI. Overall, the majority of the release of CsI comes from 
the initial opening of the wetwell vent. The overall CsI release from containment 
for this case is approximately 0.2%, corresponding to an estimated overall  
DF of 500.  

The key insights from this base-case scenario include the following: 

 Coupled with ex-vessel core debris cooling, operation of the RHV can be an 
effective strategy to minimize the possible release of radionuclides in a severe 
accident. 

B.8 Containment Flooding with Controlled Reliable Hardened 
Vent (FloodRHVc) 

This strategy involves the use of drywell flooding before vessel breach in 
conjunction with operation of the RHV. The difference between this strategy 
and the previous use of RHV is that pressure in containment is assumed to be 
controlled within a range from 60 to 40 psig. This strategy assumes that the 
RHV has an automatic function to open the vent at 60 psig and then to reclose at 
a pressure of 40 psig. For the conditions of this accident sequence, the BWROG 
SAMGs would instruct the operators to establish water on the drywell floor 
before vessel breach. For this analysis, the trigger to initiate sprays occurs 1 hour 
after the loss of RCIC. A delivered flow of 500 gpm is assumed. The key event 
timing is provided in Table B-9. 
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Table B-9 
Flood and Controlled Reliable Hardened Vent—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell flooding 5.0 

Core uncovered 5.2 

Onset of core damage14  6.1 

Single SRV assumed to seize open 6.1 

Core material relocation to the lower plenum 8.9 

Reactor vessel breach 12.0 

Wetwell vent initially opened 12.1 

Wetwell vent cycled open/closed 12.1-16.8 

Wetwell vent closed due to high pool level 16.8 

Drywell vent initially opened 17.9 

Drywell vent cycled open/closed 17.9-72.0 

Secure sprays due to high drywell level 49.7 

Figures B-43 through B-48 provide plots of key output parameters for this case. 
The plot variables are defined in Table B-2. 

 

                                                                 
14 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure B-43 
Mark I, FloodRHVc, drywell pressure 

 

Figure B-44 
Mark I, FloodRHVc, pool temperature 
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Figure B-45 
Mark I, FloodRHVc, cesium iodide drywell vent 

 

Figure B-46 
Mark I, FloodRHVc, cesium iodide wetwell vent 
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Figure B-47 
Mark I, FloodRHVc, cesium iodide drywell leakage 

 

Figure B-48 
Mark I, FloodRHVc, cesium iodide drywell shell 
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The sequence progresses in a similar manner as the previous case due to the 
combined operation of the drywell flooding and the RHV. The benefit of 
controlling the vent is seen because it allows additional time for airborne 
radionuclides to be removed before releasing through the vent. This can be seen 
in the CsI released through the wetwell vent following vessel breach in  
Figure B-52. By opening and closing the wetwell vent during the early period 
following vessel breach, the amount of CsI released is seen to be only 0.03%, 
about a factor of ten reduction compared to the case in which the vent remains 
open. This reduction is manifested both by maintaining a subcooled suppression 
pool to improve suppression pool scrubbing and by providing additional time for 
radionuclide aerosols to settle out before release. The overall CsI release from 
containment for this case is approximately 0.032%, corresponding to an 
estimated overall DF of 3000.  

The key insights from this base-case scenario include the following: 

 Coupled with ex-vessel core debris cooling, operation of the RHV in a 
controlled manner can be an effective strategy to minimize the possible 
release of radionuclides in a severe accident. 

 Controlling the RHV over a specified pressure range can not only help to 
preserve suppression pool sub cooling to enhance scrubbing, it also can allow 
for additional time for airborne radionuclides to settle out before release. 

B.9 Spray and Controlled Reliable Hardened Vent 
(SprayRHVc) 

This strategy involves the use of drywell sprays before vessel breach in 
conjunction with operation of the RHV. The difference between this strategy 
and the previous use of RHV is that pressure in containment is assumed to be 
controlled within a range from 60 to 40 psig. This strategy assumes that the 
RHV has an automatic function to open the vent at 60 psig and then to reclose at 
a pressure of 40 psig. For the conditions of this accident sequence, the BWROG 
SAMGs would instruct the operators to establish water on the drywell floor 
before vessel breach. For this analysis, the trigger to initiate sprays occurs 1 hour 
after the loss of RCIC. A delivered flow of 500 gpm is assumed, with the typical 
input parameters selected for the initial spray droplet size (3.6 mm), aerosol 
removal efficiency (0.02), and a droplet fall height of 46 ft. The uncertainty 
associated with these input values is described in Appendix D. The key event 
timing is provided in Table B-10. 
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Table B-10 
Spray and Controlled Reliable Hardened Vent—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell sprays 5.0 

Core uncovered 5.2 

Onset of core damage15  6.1 

Single SRV assumed to seize open 6.1 

Core material relocation to the lower plenum 8.7 

Reactor vessel breach 11.8 

Wetwell vent initially opened 11.9 

Wetwell vent cycled open/close 11.9–17.9 

Wetwell vent closed due to high pool level 17.9 

Drywell vent initially opened 19.7 

Drywell vent cycled open/closed 19.7–72.0 

Secure sprays due to high drywell level 48.6 

Figures B-49 through B-54 provide plots of key output parameters for this case. 
The plot variables are defined in Table B-2. 

 

                                                                 
15 Maximum core node temperature in the MAAP 4.0.6 model reaches 982°D (1800°F).  
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Figure B-49 
Mark I, SprayRHVc, drywell pressure 

 

Figure B-50 
Mark I, SprayRHVc, pool temperature 
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Figure B-51 
Mark I, SprayRHVc, cesium iodide drywell vent 

 

Figure B-52 
Mark I, SprayRHVc, cesium iodide wetwell vent 
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Figure B-53 
Mark I, SprayRHVc, cesium iodide drywell leakage 

 

Figure B-54 
Mark I, SprayRHVc, cesium iodide drywell shell 
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The sequence progresses in a similar manner as the previous case to combine 
operation of the drywell sprays and the RHV. The benefit of controlling the vent 
is seen because it allows additional time for airborne radionuclides to be removed 
before releasing through the vent. This can be seen in the CsI released through 
the wetwell vent following vessel breach (see Figure B-34). By opening and 
closing the wetwell vent during the early period following vessel breach, the 
amount of CsI released is seen to be only 0.02%, about a factor of ten reduction 
compared to the case in which the vent remains open. This reduction is 
manifested both by maintaining a subcooled suppression pool to improve 
suppression pool scrubbing and by providing additional time for radionuclide 
aerosols to settle out before release. The overall CsI release from containment  
for this case is approximately 0.02%, corresponding to an estimated overall  
DF of 3500.  

The key insights from this base-case scenario include the following: 

 Coupled with ex-vessel core debris cooling, operation of the RHV in a 
controlled manner can be an effective strategy to minimize the possible 
release of radionuclides in a severe accident. 

 Controlling the RHV over a specified pressure range can not only help to 
preserve suppression pool subcooling to enhance scrubbing but also allow for 
additional time for airborne radionuclides to settle out before release. 
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Appendix C: Description of Cases for 
BWR with Mark II 
Containment 

The Mark II plants represent several unique designs when considering their 
response to severe core damage events. Core debris exiting the reactor pressure 
vessel (RPV) will initially be discharged into the pedestal region beneath the 
vessel. Most of the Mark II containment designs include a drain line penetrating 
the pedestal floor and entering the region beneath the reactor pedestal. This area 
beneath the pedestal is considered part of the wetwell and, in all but one design, 
is flooded with water. In one Mark II design, this region is dry and filled with 
concrete. The drain lines typically include 4-in.-diameter pipes that penetrate the 
floor of the pedestal and make a 90° bend in the wetwell air space. Molten core 
material exiting the reactor pressure vessel (RPV) can enter the drain line and 
potentially result in a failure of the piping below the floor of the pedestal at the 
bend. This will create a direct pathway for gases and fission products into the 
wetwell without passing through the suppression pool.  

To investigate the various release mitigation strategies, the most common design, 
with water beneath the pedestal region, was selected. In addition, separate 
analyses have been performed with and without the assumed failure of the 
pedestal drain line, labeled as cases with suppression pool bypass and no bypass. 
Those without bypass are meant to represent the single design that does not have 
the drain line configuration and is also used to investigate the results if the plant 
configuration was modified to prevent debris from entering the pipe.  

For all Mark II designs, core debris also flows from the pedestal region into the 
drywell. Downcomer pipes extend above the drywell floor and are not expected to 
prevent the flow of core material into the wetwell region. Because the 
downcomer pipes are anchored within the concrete floor, they are expected to 
remain intact, even in the presence of flowing core material. These downcomer 
pipes will act to transport the core material directly into the suppression pool. 
Unlike the pedestal drain penetration, this pathway is vertical and does not fail 
within the wetwell air space; therefore, a pool bypass is not created. 

The single design with concrete beneath the pedestal region is similar to the 
others in that there is a drain line penetrating the pedestal floor as part of the 
sump system. For cases that do not involve either spraying or flooding the 
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drywell, the accident progression is different in that core–concrete interaction 
will likely continue in the lower pedestal region. However, for the many 
strategies considered to be viable solutions for release mitigation, the accident 
progression is expected to be quite similar to the plants with water beneath the 
pedestal. Because the emphasis of this report is to identify viable release 
mitigation strategies, the cases with debris cooling are expected to be similar for 
all Mark II designs. Spraying or flooding the drywell will result in cooling the 
core debris for all designs because the water will be able to reach the core debris. 

C.1 No Venting, No Debris Cooling (NoVent) 

As a reference for all other calculations, a base-case station blackout event was 
analyzed without crediting any mitigation measures. The sequence of events is 
provided in Table C-1. The timing information in this table represents the case 
with assumed drain line failure, designated as bypass in the figures. For the case 
without drain line failure, or no bypass, any differences in key event timing 
appear in parentheses. This timeline uses a highly conservative set of 
assumptions, including the rapid onset of core damage, which is useful for 
comparing alternative mitigation strategies. In reality, severe accident strategies 
are expected to prevent core damage or substantially ameliorate radiological 
consequences by delaying the onset of core damage. In conjunction with the loss 
of all ac power, cooling to the recirculation pumps is lost, and the analysis 
assumes that a small seal leakage is developed at time zero. The leakage for all the 
following analyses is assumed to be 36 gpm (18 gpm per pump), evaluated at the 
normal operating pressure and temperature of the reactor vessel. 

Table C-1 
No Venting—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Core uncovered 6.2 

Onset of core damage16  7.2 

Single SRV assumed to seize open 7.2 

Core material relocation to the lower plenum 9.8 

Reactor vessel breach 12.3 

Pedestal drain line failure 12.4 (NA) 

Drywell failure 13.4 

Initial core cooling is provided by reactor core isolation cooling (RCIC), but this 
system requires dc power, which is assumed to be exhausted at 4 hours. During 
this time, decay heat is transferred to the suppression pool through the RCIC 
exhaust and the safety relief valves (SRV). After the RCIC loses power, steam 
                                                                 
16 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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continues to discharge to the suppression pool through the SRVs. At 
approximately 6.2 hours, the water level drops below top of active fuel and the 
core begins to heat up. By 7.2 hours, the hottest node in the core reaches 1800°F, 
and significant quantities of hydrogen start to be generated in the vessel. Up to 
this time, the containment has pressurized to approximately 22 psig. As a result 
of high-temperature gas entering the main steam line as the SRV cycles open, it 
is assumed that a single SRV will fail in the open position immediately following 
the onset of core damage. This assumption is based on the technical evaluation 
done by the Nuclear Regulatory Commission in the “State-of-the-Art Reactor 
Consequence Study (SOARCA)” [7]. 

Over the next hour, a substantial volume of hydrogen is generated as the hot 
cladding material reacts with steam in the vessel. The hydrogen is transported to 
the suppression pool through the SRVs, leading to a containment pressure of 35 
psig. The suppression pool continues to heat up during the time that the core is 
melting and relocating to the lower head of the reactor vessel.  

For the case analyzed, vessel breach due to the presence of core material in the 
lower plenum occurs at approximately 12 hours into the event. Core material is 
initially discharged into the reactor cavity or pedestal region. Due to the flow of 
core material into the drain line, it is assumed that a pool bypass junction is 
created within 7 minutes. Core material is also flowing into the drywell region, 
where it is then able to drain into the suppression pool through the downcomer 
pipes. The steam generation in combination with the added pressure from the 
hydrogen results in a peak pressure in the containment of about 95 psig. With 
the combined elevated gas temperature in the drywell, the failure criterion for the 
containment is exceeded at 13.4 hours. The plots include the results for the case 
with an assumed drain line failure and for the case in which the drain line failure 
is not assumed. This can represent the specific Mark II design that does not have 
the drain lines penetrating the floor or cases in which the drain failure is 
prevented. Due to steam generated at the time of vessel breach, drywell failure 
occurs, and the results are not sensitive to the assumption on the drain line. 
Figures C-1 through C-5 provide plots of key output parameters for this case. 
The plot variables are defined in Table C-2. 

Table C-2 
Plotted Variable Definitions 

Variable 
Name 

Description 

DW pressure Pressure in the drywell 

Supp Pool Temp Suppression pool water temperature 

CsI DW 
Leakage 

Fraction of cesium iodide (CsI) discharged through normal 
drywell leakage path 

CsI DW Vent Fraction of CsI discharged through drywell vent or failure path 

CsI WW Vent Fraction of CsI discharged through wetwell vent path 
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Figure C-1 
Mark II, No Vent, drywell pressure 

 

Figure C-2 
Mark II, No Vent, pool temperature 
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Figure C-3 
Mark II, No Vent, cesium iodide drywell failure 

 

Figure C-4 
Mark II, No Vent, cesium iodide wetwell vent 
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Figure C-5 
Mark II, No Vent, cesium iodide drywell leakage 

As can be seen in the drywell pressure plot (Figure C-1), failure occurs just 
following vessel breach and results in a rapid drop in containment pressure. The 
fraction of CsI released through this path is shown in Figure C-3 and represents 
approximately 17% of the initial CsI inventory, corresponding to an estimated 
DF for the containment of 6.  

The key insight from this base-case scenario is the following: 

 Due to the combination of hydrogen generation and the steam generated at 
the time of vessel breach, drywell failure is predicted to occur following vessel 
breach without operation of a containment vent. 

C.2 Reliable Hardened Vent, No Debris Cooling (RHV) 

The accident progression is similar to the no venting case with credit for 
successful operation of the RHV as a result of the pressure spike following vessel 
breach. A release path is established initially through the wetwell vent. The key 
event timing is provided in Table C-3; the times are quite similar to those from 
the no venting case. 
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Table C-3 
Reliable Hardened Vent—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Core uncovered 6.2 

Onset of core damage17  7.2 

Single SRV assumed to seize open 7.2 

Core material relocation to the lower plenum 9.8 

Reactor vessel breach 12.3 

Wetwell vent open 12.3 

Pedestal drain line failure 12.4 (NA) 

Increased drywell leakage 67.7 (59.3) 

Figures C-6 through C-10 provide plots of key output parameters for this case. 
The plot variables are defined in Table C-2.  

 

Figure C-6 
Mark II, RHV, drywell pressure 

                                                                 
17 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure C-7 
Mark II, RHV, pool temperature 

 

Figure C-8 
Mark II, RHV, cesium iodide drywell failure 
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Figure C-9 
Mark II, RHV, cesium iodide wetwell vent 

 

Figure C-10 
Mark II, RHV, cesium iodide drywell leakage 
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As can be seen in the drywell pressure plot (Figure C-6), wetwell venting occurs 
just following vessel breach and results in a rapid drop in containment pressure. 
The fraction of CsI released through this path is shown in Figure C-9 and 
represents a release of approximately 14%. The release occurs as a result of the 
pool bypass that is created from the drain line failure. Without the assumed drain 
line failure, the release through the wetwell vent remains scrubbed and is shown 
in Figure C-9 as zero. The actual value for the total release fraction through the 
wetwell vent is 7.5E-4, indicating a DF of greater than 1000. A considerable 
amount of the core material is transported into the suppression pool; however, 
the core material remaining on the drywell floor will slowly result in a heat-up of 
the drywell gas space. By about 68 hours, the drywell gas temperature is expected 
to result in a significant leakage flow path. For the case without bypass, the 
timing associated with late failure of the drywell occurs at a slightly earlier time. 
This is due to additional core debris remaining in the reactor pedestal region and 
a small increase in the drywell temperature. The overall CsI release from 
containment for this case is approximately 16%, corresponding to an estimated 
overall DF of 6. Without pool bypass, the total release fraction is on the order of  
1E-3 or an overall DF of 1000. 

The key insights from this scenario include the following: 

 Without ex-vessel core debris cooling, even with successful use of the RHV, 
there is some likelihood that drywell leakage will increase with time as a 
result of high drywell gas temperatures. 

 Without the pedestal drain line failure, pool bypass does not occur, and 
effective suppression pool scrubbing results in an overall DF of about 1000. 

C.3 Drywell Flooding (Flood) 

This strategy involves the use of drywell flooding before vessel breach but 
without the use of the RHV. For the conditions of this accident sequence, the 
BWROG SAMGs would instruct the operators to establish water on the drywell 
floor before vessel breach. For this analysis, the trigger to initiate flooding occurs 
1 hour after the loss of RCIC. A delivered flow of 500 gpm is assumed. The key 
event timing is provided in Table C-4. 
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Table C-4 
Flood—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell flooding 5.0 

Core uncovered 6.2 

Onset of core damage18  7.2 

Single SRV assumed to seize open 7.2 

Core material relocation to the lower plenum 9.9 

Reactor vessel breach 12.4 

Pedestal drain line failure 12.5 (NA) 

Drywell failure due to overpressure 12.7 (22.5) 

Figures C-11 through C-15 provide plots of key output parameters for this case. 
The plot variables are defined in Table C-2. 

 

Figure C-11 
Mark II, Flood, drywell pressure 

                                                                 
18 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure C-12 
Mark II, Flood, pool temperature 

 

Figure C-13 
Mark II, Flood, cesium iodide drywell failure 
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Figure C-14 
Mark II, Flood, cesium iodide wetwell vent 

 

Figure C-15 
Mark II, Flood, cesium iodide drywell leakage 

Without the operation of the RHV, the containment pressurizes immediately 
following vessel breach and approaches the ultimate failure pressure of 
approximately 120 psig. At this point, it is assumed that a large break occurs in 
the drywell head region, resulting in a release of approximately 15% of the CsI. 
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Without the assumed drain line failure, containment failure is delayed until 
22.5 hours and results in a slightly lower release of 8% CsI. This is due to 
preventing the pool bypass at the time of vessel breach. The overall CsI release 
from containment for this case is approximately 15%, corresponding to an 
estimated overall DF of 7. Without the drain line failure, the CsI release is about 
8%, for an overall DF of 12. 

The key insights from this base-case scenario include the following: 

 Operation of drywell flooding provides ex-vessel core debris cooling. 

 Without containment heat removal or operation of the RHV, drywell 
flooding alone will not prevent pressurizing the containment to the ultimate 
failure conditions. 

C.4 Drywell Sprays (Spray) 

This strategy involves the use of drywell sprays before vessel breach but without 
the use of the RHV. For the conditions of this accident sequence, the BWROG 
SAMGs would instruct the operators to establish water on the drywell floor 
before vessel breach. For this analysis, the trigger to initiate sprays occurs 1 hour 
after the loss of RCIC. A delivered flow of 500 gpm is assumed, with the typical 
input parameters selected for the initial spray droplet size (3.6 mm), aerosol 
removal efficiency (0.02), and a droplet fall height of 46 ft. The uncertainty 
associated with these input values is described in Appendix D. The key event 
timing is provided in Table C-5. 

Table C-5 
Spray—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell sprays 5.0 

Core uncovered 6.2 

Onset of core damage19  7.2 

Single SRV assumed to seize open 7.2 

Core material relocation to the lower plenum 9.8 

Reactor vessel breach 12.3 

Pedestal drain line failure 12.4 (NA) 

Drywell failure 12.8 (NA) 

Figures C-16 through C-20 provide plots of key output parameters for this case. 
The plot variables are in Table C-2. 

                                                                 
19 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  



 

 C-15  

 

Figure C-16 
Mark II, Spray, drywell pressure 

 

Figure C-17 
Mark II, Spray, pool temperature 
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Figure C-18 
Mark II, Spray, cesium iodide drywell failure 

 

Figure C-19 
Mark II, Spray, cesium iodide wetwell vent 
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Figure C-20 
Mark II, Spray, cesium iodide drywell leakage 

Without the operation of the RHV, the containment pressurizes immediately 
following vessel breach and approaches the ultimate failure pressure of 
approximately 120 psig. At this point, it is assumed that a large break occurs in 
the drywell head region, resulting in a release of approximately 6% of the CsI. 
Without assuming that the drain line fails, the drywell pressure does not exceed 
the ultimate failure pressure within the analysis period. Pedestal drain line failure 
for this scenario is not as imminent as for the dry cases. It is possible that the 
flooded pedestal floor will provide enough cooling for the core debris discharged 
at vessel breach to prevent heat-up and melting of the drain line. Sufficient 
testing and research has not been performed to definitively rule out this failure 
mode, even in the presence of water. However, it is expected to be less likely than 
cases without sprays or flooding of the drywell. The overall CsI release from 
containment for this case is approximately 6%, corresponding to an estimated 
overall DF of 17.  

The key insights from this base-case scenario include the following: 

 Operation of drywell sprays provides ex-vessel core debris cooling and 
provides some amount of scrubbing of the drywell atmosphere. 

 Without operation of the reliable hardened vent, containment pressure will 
approach the ultimate failure condition for the Mark II design that includes 
drain line failure and the creation of a pool bypass. 

 If the drain line does not fail, the initial pressurization at vessel breach will 
not result in containment failure and will provide for long-term holdup of the 
radionuclides. 
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C.5 Flood and Reliable Hardened Vent (FloodRHV) 

This strategy is nearly identical to the case with drywell sprays and RHV. The 
only difference is that the benefits of drywell atmosphere spraying are not directly 
observed. Water is assumed to be injected either into the failed reactor vessel or 
onto the drywell floor from an external source. For the conditions of this accident 
sequence, the BWROG SAMGs would instruct the operators to establish water 
on the drywell floor before vessel breach. For this analysis, the trigger to initiate 
flooding the drywell occurs 1 hour after the loss of RCIC. A delivered flow of 
500 gpm is assumed. The key event timing is provided in Table C-6. 

Table C-6 
Flood and Reliable Hardened Vent—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell flooding 5.0 

Core uncovered 6.2 

Onset of core damage20  7.2 

Single SRV assumed to seize open 7.2 

Core material relocation to the lower plenum 9.9 

Reactor vessel breach 12.4 

Wetwell vent open 12.4 

Pedestal drain line failure 12.5 (NA) 

Wetwell vent closed due to high pool level 22.1 

Figures C-21 through C-25 provide plots of key output parameters for this case. 
The plot variables are defined in Table C-2. 

                                                                 
20 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure C-21 
Mark II, FloodRHV, drywell pressure 

 

Figure C-22 
Mark II, FloodRHV, pool temperature 

0
10
20
30
40
50
60
70
80

0 20 40 60 80

DW
 P

re
ss

ur
e 

(p
si

a)

Time (hrs)

Mark II - FloodRHV
Bypass No Bypass

0

50

100

150

200

250

300

0 20 40 60 80

Su
pp

 P
oo

l T
em

p 
(F

)

Time (hrs)

Mark II - FloodRHV
Bypass No Bypass



 

 C-20  

 

Figure C-23 
Mark II, FloodRHV, cesium iodide drywell vent 

 

Figure C-24 
Mark II, FloodRHV, cesium iodide wetwell vent 
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Figure C-25 
Mark II, FloodRHV, cesium iodide drywell leakage 

The sequence progresses in a similar manner as the case with sprays and the 
RHV. The major difference is that the airborne mass of radionuclides is higher 
for this case compared to the case with sprays. The CsI release through the initial 
opening of the wetwell vent is shown to be about 13%, compared to 0.8% for the 
case with drywell sprays. Without failure of the drain line and subsequent pool 
bypass, the CsI release is approximately 0.09%. The overall CsI release from 
containment for this case is approximately 13%, corresponding to an estimated 
overall DF of 8. Without failure of the drain line, the overall DF increases to 
greater than 1000.  

The key insights from this base-case scenario include the following: 

 Coupled with ex-vessel core debris cooling, operation of the RHV can be an 
effective strategy to minimize the possible release of radionuclides in a severe 
accident. 

 Flooding of the drywell provides the major benefit of preventing long-term 
heat-up of the containment. However, sprays provide the added benefit of 
reducing the airborne fission product concentration and further reducing the 
CsI release. 
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C.6 Containment Spray with Reliable Hardened Vent 
(SprayRHV) 

This strategy involves the use of drywell sprays before vessel breach in 
conjunction with operation of the RHV. For the conditions of this accident 
sequence, the BWROG SAMGs would instruct the operators to establish water 
on the drywell floor before vessel breach. For this analysis, the trigger to initiate 
sprays occurs 1 hour after the loss of RCIC. A delivered flow of 500 gpm is 
assumed, with the typical input parameters selected for the initial spray droplet 
size (3.6 mm), aerosol removal efficiency (0.02), and a droplet fall height of 46 ft. 
The uncertainty associated with these input values is described in Appendix D. 
The key event timing is provided in Table C-7. 

Table C-7 
Spray and Reliable Hardened Vent—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell sprays 5.0 

Core uncovered 6.2 

Onset of core damage21  7.2 

Single SRV assumed to seize open 7.2 

Core material relocation to the lower plenum 9.8 

Reactor vessel breach 12.3 

Wetwell vent open 12.3 

Pedestal drain line failure 12.4 (NA) 

Wetwell vent closed due to high pool level 22.3 

Figures C-26 through C-30 provide plots of key output parameters for this case. 
The plot variables are defined in Table C-2. 

                                                                 
21 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure C-26 
Mark II, Spray RHV, drywell pressure 

 

Figure C-27 
Mark II, Spray RHV, pool temperature 
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Figure C-28 
Mark II, Spray RHV, cesium iodide drywell vent 

 

Figure C-29 
Mark II, Spray RHV, cesium iodide wetwell vent 
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Figure C-30 
Mark II, Spray RHV, cesium iodide drywell leakage 

The sequence progresses in a similar manner as the no vent case, until the sprays 
are activated at 5 hours. At this time, water accumulates on the drywell floor and 
then spills over into the wetwell. Without cooling to the core inside the reactor 
vessel, core damage and vessel breach occur in a similar period as in the no vent 
case. As in the RHV case, the containment pressurizes to the wetwell vent set 
pressure immediately following vessel breach, and the wetwell vent is assumed to 
be opened. Figure C-14 shows that the initial wetwell venting results in a CsI 
release of about 0.8%. The wetwell vent remains open until the water level in the 
wetwell exceeds a level, indicated by the SAMGs, that requires isolation of that 
vent path to prevent water flow out of the vent. This occurs at about 22 hours 
into the event. The analysis shows that the pressure did not increase back to the 
vent pressure within the 72-hour analysis period; therefore, there was no demand 
for opening the drywell vent. 

Beyond 22 hours, there are no active vent paths open, other than the release that 
can occur through the normal leakage pathways. As a result, any fission products 
in the containment atmosphere have an opportunity to be removed by passive 
settling mechanisms. The overall CsI release from containment for this case is 
approximately 0.8%, corresponding to an estimated overall DF of 100. However, 
with the drain line failure assumed not to occur, the CsI release fraction is on the 
order of 0.001, for an overall DF of 1000.  
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The key insights from this scenario include the following: 

 Coupled with ex-vessel core debris cooling, operation of the RHV can be an 
effective strategy to minimize the possible release of radionuclides in a severe 
accident. 

 With the assumed drain line failure, there is some amount of pool bypass of 
the radionuclides, limiting the overall DF to about 100. 

 With protection of the drain line, the overall DF increases by a factor of 10 
to 1000. 

C.7 Flood and Controlled Reliable Hardened Vent (FloodRHVc) 

This strategy involves the use of drywell flooding before vessel breach in 
conjunction with operation of the RHV. The difference between this strategy 
and the previous use of RHV is that pressure in containment is assumed to be 
controlled within a range from 60 to 40 psig. This strategy assumes that the 
RHV has an automatic function to open the vent at 60 psig and then to reclose at 
40 psig. For the conditions of this accident sequence, the BWROG SAMGs 
would instruct the operators to establish water on the drywell floor before vessel 
breach. For this analysis, the trigger to initiate flooding occurs 1 hour after the 
loss of RCIC. A delivered flow of 500 gpm is assumed. The key event timing is 
provided in Table C-8. 
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Table C-8 
Flood and Controlled Reliable Hardened Vent—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell flooding 5.0 

Core uncovered 6.2 

Onset of core damage22  7.2 

Single SRV assumed to seize open 7.2 

Core material relocation to the lower plenum 9.9 

Reactor vessel breach 12.4 

Wetwell vent initially opened 12.4 

Pedestal drain line failure 12.5 (NA) 

Wetwell vent cycled open/closed 12.4–12.9 
(12.4–18.0) 

Water level exceeds 39 ft 18.8 (18.5) 

Drywell vent initially opened NA (26.8) 

Drywell vent cycled open/closed NA 
(26.8–72.0) 

Figures C-31 through C-35 provide plots of key output parameters for this case. 
The plot variables are defined in Table C-2. 

                                                                 
22 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure C-31 
Mark II, FloodRHVc, drywell pressure 

 

Figure C-32 
Mark II, FloodRHVc, pool temperature 
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Figure C-33 
Mark II, FloodRHVc, cesium iodide drywell vent 

 

Figure C-34 
Mark II, FloodRHVc, cesium iodide wetwell vent 
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Figure C-35 
Mark II, FloodRHVc, cesium iodide drywell leakage 

The sequence progresses in a similar manner as the previous case to combine 
operation of the drywell flooding and the RHV. The benefit of controlling the 
vent is seen because it can allow for additional time for airborne radionuclides to 
be removed before releasing through the vent. This can be seen in the CsI 
released through the wetwell vent following vessel breach in Figure C-39.  

By opening and closing the wetwell vent during the early period following vessel 
breach, the amount of CsI released is seen to be only 0.5%, about a factor of 20 
reduction compared to the case in which the vent remains open. This reduction is 
manifested by additional time for radionuclide aerosols to settle out before 
release. Without failure of the drain line, the CsI release is shown to be initially 
lower, at about 0.1%. Cycling of the wetwell vent continues from the time of 
vessel breach until about 12.9 hours. For the case without drain line failure, 
cycling continues until approximately 18 hours. The reason for the longer cycling 
time in this case is a result of core debris distribution. In the case with drain line 
failure, some amount of core debris is relocated to the suppression pool region 
beneath the reactor vessel. The debris is cooled and initially does not generate 
steam. For the case without the drain line failure, the debris remains in the upper 
pedestal region where steam is generated while it is cooled. This difference 
results in lower initial pressure in the case with the drain line failure. In fact, with 
steam generation suppressed as the pool heats up, the passive heat sinks in the 
containment are effective at further reducing the pressure to about 35 psia, as 
seen in Figure C-36. 
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With this initially lower pressure, as the pool begins to heat up and the 
containment pressurizes, the need to reopen the vent does not occur until beyond 
the 72-hour analysis time. For the case with the drain line assumed to be open, 
the containment pressurizes so that the need for opening the drywell vent occurs 
at about 27 hours into the event. Opening of the drywell vent releases 
approximately 0.5% of the CsI. Overall DF for both of these cases is about 200 
and demonstrates the complexity of the various interactions involved in severe 
accident analysis. 

The key insights from this base-case scenario include the following: 

 Coupled with ex-vessel core debris cooling, operation of the RHV in a 
controlled manner can be an effective strategy to minimize the possible 
release of radionuclides in a severe accident. 

 Controlling the RHV over a specified pressure range preserves suppression 
pool subcooling to enhance scrubbing and also allows for additional time for 
airborne radionuclides to settle out before release. 

C.8 Spray and Controlled Reliable Hardened Vent 
(SprayRHVc) 

This strategy involves the use of drywell sprays before vessel breach in 
conjunction with operation of the RHV. The difference between this strategy 
and the previous use of RHV is that pressure in containment is assumed to be 
controlled within a range from 60 to 40 psig. This strategy assumes that the 
RHV has an automatic function to open the vent at 60 psig and then reclose at 
40 psig. For the conditions of this accident sequence, the BWROG SAMGs 
would instruct the operators to establish water on the drywell floor before vessel 
breach. For this analysis, the trigger to initiate sprays occurs 1 hour after the loss 
of RCIC. A delivered flow of 500 gpm is assumed, with the typical input 
parameters selected for the initial spray droplet size (3.6 mm), aerosol removal 
efficiency (0.02), and a droplet fall height of 46 ft. The uncertainty associated 
with these input values is described in Appendix D. The key event timing is 
provided in Table C-9. 
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Table C-9 
Spray and Controlled Reliable Hardened Vent—Chronology of Events 

Phenomenon Time (hr) 

Reactor trip 0 

RCIC lost due to loss of dc power 4.0 

Initiate drywell sprays 5.0 

Core uncovered 6.2 

Onset of core damage23  7.2 

Single SRV assumed to seize open 7.2 

Core material relocation to the lower plenum 9.8 

Reactor vessel breach 12.3 

Wetwell vent initially opened 12.4 

Pedestal drain line failure 12.5 (NA) 

Wetwell vent cycled open/closed 12.4-12.9 

Wetwell vent closed 12.9 

Figures C-36 through C-40 provide plots of key output parameters for this case. 
The plot variables are defined in Table C-2. 

 

Figure C-36 
Mark II, SprayRHVc, drywell pressure 

                                                                 
23 Maximum core node temperature in the MAAP 4.0.6 model reaches 1800°F.  
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Figure C-37 
Mark II, SprayRHVc, pool temperature 

 

Figure C-38 
Mark II, SprayRHVc, cesium iodide drywell vent 
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Figure C-39 
Mark II, SprayRHVc, cesium iodide wetwell vent 

 

Figure C-40 
Mark II, SprayRHVc, cesium iodide drywell leakage 
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The sequence progresses in a similar manner as the previous case to combine 
operation of the drywell sprays and the RHV. The benefit of controlling the vent 
is seen because it can allow additional time for airborne radionuclides to be 
removed before release through the vent. This can be seen in the CsI released 
through the wetwell vent following vessel breach in Figure C-24. By opening and 
closing the wetwell vent during the early period following vessel breach, the 
amount of CsI released is seen to be only 0.3%. With the drain line not failed, 
the corresponding release through the wetwell vent is reduced by a factor of 5 to 
0.06%. The overall CsI release from containment for this case is approximately 
0.3%, corresponding to an estimated overall DF of 300. Without drain line 
failure, the overall DF increases to greater than 1000.  

The key insights from this base-case scenario include the following: 

 Coupled with ex-vessel core debris cooling, operation of the RHV in a 
controlled manner can be an effective strategy to minimize the possible 
release of radionuclides in a severe accident. 

 Controlling the RHV over a specified pressure range preserves suppression 
pool subcooling to enhance scrubbing and also allows for additional time for 
airborne radionuclides to settle out before release.  

 Coupled with no drain line failure, the overall DF can exceed 1000. 
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Appendix D: Description of Sensitivity 
Analyses 

To investigate the robustness of the insights gleaned from the baseline analyses, a 
series of sensitivity studies were performed. These sensitivity studies were 
identified based on the results of the baseline cases, focusing on the key 
variabilities and uncertainties that exist in the baseline scenario definition and 
strategy implementation. All sensitivity cases were performed for the Mark I 
containment strategies, except as indicated. The following nine areas of 
sensitivity analysis are identified: 

 Core damage scenario timing  

 Reactor pressure vessel (RPV) pressure 

 Containment early venting for hydrogen control 

 Containment early venting for pressure control 

 Spray effectiveness 

 Containment makeup rates and timing 

 Debris relocation in the Mark II  

 In-vessel recovery 

 Reliable hardened vent (RHV) sizing 

Details of each sensitivity case are described in the following subsections. 

D.1 Sensitivity to Core Damage Scenario Timing 

These cases consider the impact of core damage timing on strategy effectiveness. 
In the baseline case, reactor core isolation cooling (RCIC) was assumed to 
operate until battery depletion at 4 hours. Sensitivity cases evaluate the impact of 
both shorter and longer RCIC operating durations. Variations have been 
included for 0, 4, 8, and 12 hours of RCIC operation time. The strategy chosen 
is one with successful operation of drywell sprays combined with the RHV 
operating in a controlled mode. Because this strategy shows an overall 
decontamination factor (DF) greater than 1000, it was selected to investigate   
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whether the RCIC operation time would impact the radionuclide release in a 
significant way. Table D-1 provides a summary of timing for several key events 
for each of the RCIC operation times. The timing results follow expected trends 
for extending the RCIC operation time.  

Table D-1 
Key Event Timing for Reactor Core Isolation Cooling Sensitivity 

Event RCIC 0 hr RCIC 4 hr RCIC 8 hr RCIC 12 hr 

Level at top of 
active fuel 

0.4 hr 5.2 hr 9.6 hr 13.2 hr 

Sprays initiated 1 hr 5 hr 9 hr 13 hr 
Vessel breach 4.7 hr 11.8 hr 16.8 hr 21.1 hr 
Wetwell first 
open 

5.0 hr 11.9 hr 16.8 hr 21.1 hr 

Drywell pressure 
at vessel breach 

32 psia 46 psia 50 psia 56 psia 

Figure D-1 shows the drywell pressure history for these variations in RCIC 
operating time. Again, the behavior in the drywell pressure follows the expected 
trend for the extended times for RCIC operation.  

 

Figure D-1 
Mark I, RCIC run time, drywell pressure 
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Figures D-2 and D-3 provide the cesium iodide (CsI) release fraction through 
the wetwell and drywell vent pathways for each of the RCIC sensitivity runs. 
Less than a factor of two difference can be seen in the CsI release through the 
wetwell vent path and approximately a factor of six variation in the CsI release 
through the drywell vent path. Overall, all sensitivity cases show an overall DF 
greater than 1000; therefore, the overall conclusion regarding the effectiveness of 
this specific strategy is not affected by the RCIC operation time. 

 

Figure D-2 
Mark I, RCIC run time, cesium iodide released through wetwell vent 
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Figure D-3 
Mark I, RCIC run time, cesium iodide released through drywell vent 

D.2 Sensitivity to Reactor Pressure Vessel Pressure 

This case evaluates the impact of vessel breach occurring with the RPV at high 
pressure. The baseline cases used the baseline assumption of a relief valve sticking 
open during core damage progression [7]. Severe accident management 
guidelines (SAMGs) would also direct the operators to depressurize the RPV 
before core damage. This sensitivity case evaluates the impact of failure to 
depressurize the vessel on scenario progression and strategy effectiveness. The 
strategy chosen is one with successful operation of drywell sprays combined with 
the RHV operating in a controlled mode. Because this strategy shows an overall 
DF greater than 1000, it was selected to investigate whether the RPV pressure at 
the time of vessel breach would impact the radionuclide release in a significant 
way. Table D-2 compares the timing of key events for the RPV pressure 
sensitivity runs.  
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Table D-2 
Key Event Timing for Reactor Pressure Vessel Pressure Sensitivity 

Event Low RPV Pressure High RPV Pressure 

RCIC tripped 4 hr 4 hr 
Sprays initiated 5 hr 5 hr 
Level at top of active fuel 5.2 hr 5.2 hr 
SRV stuck open 6.1 hr NA 
Vessel breach 11.8 hr 10.1 hr 
Drywell pressure at 
vessel breach 

45 psia 37 psia 

The depressurization of the RPV in the base case results in rapid loss of water 
inventory from the reactor vessel. This tends to result in some temporary cooling 
of the core and a later time of vessel breach. In addition, with the 
depressurization before vessel breach, additional energy is discharged into the 
containment, resulting in a higher initial pressure in containment before vessel 
breach. The CsI release initially through the wetwell vent is shown in  
Figure D-4.  

 

Figure D-4 
Mark I, RCS pressure, cesium iodide released through wetwell vent 
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time that drywell venting is initiated. A larger fraction of CsI is located in the 
drywell when the drywell vent is first opened in the high-pressure sensitivity, 
which results in a larger release through the drywell vent path. Overall, the total 
of the wetwell and drywell release still confirm that an overall DF greater than 
1000 is achievable with operation of drywell sprays in combination with a 
controlled RHV. 

 

Figure D-5 
Mark I, RCS pressure, cesium iodide released through drywell vent 

D.3 Sensitivity to Early Containment Venting for Hydrogen 
Control 

This case evaluates the impact of early venting of the wetwell as a result of 
hydrogen accumulation in containment. The baseline cases assumed that the 
containment would not be vented until the containment pressure exceeded the 
primary containment pressure limit (PCPL). This sensitivity case evaluates the 
impact of early venting on core damage scenario progression and strategy 
effectiveness. The strategy chosen is one with successful operation of drywell 
flooding combined with the RHV operating. For this sensitivity analysis, it was 
assumed that the operator would initially open the vent when the pressure 
exceeded 40 psia and would allow the pressure to reduce to 18 psia before closing 
the vent. Subsequent operation of the vent would then occur at 60 psia, as 
assumed in the base analysis. The original case, assuming venting at 60 psia, 
resulted in an overall DF of about 300. The additional early vent shows an overall 
DF of approximately 1000. 
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Figure D-6 shows the drywell pressure for the original case and the early venting 
sensitivity case. Venting the initial hydrogen from the pool results in a lower 
pressure at the time of vessel breach and, therefore, lower flows through the 
wetwell vent when it is opened at the time of vessel breach. This yields a factor of 
three reduction in the CsI released at vessel breach through the wetwell vent. 

 

Figure D-6 
Early containment venting, drywell pressure 
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Figure D-7 
Early containment venting, cesium iodide release through wetwell vent 

D.4 Sensitivity to Early Venting for Pressure Control 

When operating the RCIC for an extended time, there might be an advantage to 
venting the containment before reaching the primary containment pressure limit. 
This option is addressed in a sensitivity analysis in which the wetwell vent is 
opened when the pressure exceeds 25 psig and is kept open until injection is lost. 
To study the impact of early venting, RCIC was assumed to operate for an 
extended period. It was assumed that dc power was available for 16 hours and 
that RCIC would continue to operate for an additional 2 hours. The 2-hour 
delay for RCIC failure is based on the time required to fill the RPV up to the 
main steam line and potentially flood the RCIC turbine. The simulation also 
assumed that the operators would reduce pressure to greater than 185 psig using 
the SRVs. After dc power was lost, the SRV was assumed to close, and the RPV 
pressure increased back to the SRV set pressure. To investigate this sensitivity, 
the case selected was for a Mark I event with successful operation of the drywell 
sprays and a controlled vent. Table D-3 provides the timeline for this scenario. 
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Table D-3 
Key Event Timing for Early Venting Sensitivity 

Event Base Case Early Venting 

Wetwell vent opened NA 13 hr 

RCIC tripped 18 hr 18 hr 
(Vent closed) 

Sprays initiated 24 hr 24 hr 
Level at top of active fuel 24 hr 24 hr 
Vessel breach 32 hr 32 hr 

Figure D-8 illustrates the drywell pressure for the base and sensitivity case. Note 
the depressurization occurring around 13 hours due to early venting of the 
wetwell.  

 

Figure D-8 
Early containment venting, drywell pressure 

Figure D-9 shows the release of CsI through the wetwell vent. In the base case, 
the wetwell vent is opened during the time of core damage and indicates a Cs 
release of approximately 5E-4. Due to the early venting, the wetwell vent is not 
opened until the time of vessel breach and shows about a factor of three 
reduction in the Cs release. Late in the event, after the water level has exceeded 
21 ft and the demand for venting occurs, the drywell vent is cycled to maintain 
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pressure. The early vent case shows a slightly higher release through the drywell 
vent due to slight changes in the Cs distribution. The Cs release through the 
drywell vent path is shown in Figure D-10. 

 

Figure D-9 
Early containment venting, cesium iodide wetwell vent 
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Figure D-10 
Early containment venting, cesium iodide drywell vent 

D.5 Sensitivity to Spray Effectiveness 

D.5.1 Water Droplet Diameter 

These cases consider potential uncertainties in the key parameters impacting the 
effectiveness of sprays in removing fission product aerosols from the drywell 
atmosphere. The baseline cases used nominal effectiveness parameters. These 
sensitivity cases evaluate the impact of spray droplet size and aerosol removal 
efficiency on scenario progression and strategy effectiveness. 

The first sensitivity analysis looks at the nominal water droplet size exiting the 
drywell spray nozzles. The nominal value for a typical drywell spray nozzle is 
0.012 ft (3658 µm). A sensitivity case was run assuming a factor of ten increase in 
the droplet diameter, equal to 0.12 ft. The larger diameter will be less efficient in 
removal of airborne aerosols from the drywell atmosphere. This sensitivity case 
evaluates the impact of the water spray droplet size on scenario progression and 
strategy effectiveness. The strategy chosen is one with successful operation of 
drywell sprays combined with the RHV operating in a controlled mode. Because 
this strategy shows an overall DF greater than 1000, it was selected to investigate 
whether the spray droplet size would impact the radionuclide release in a 
significant way. 
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The sensitivity results show no significant impact on the initial release occurring 
through the wetwell vent; however, the later opening of the drywell vent shows a 
factor of ten increase in the CsI release through the drywell vent path. 
Figures D-11 and D-12 show the CsI release fraction through the wetwell and 
drywell vent paths. 

Operation of the drywell vent can be delayed if the operators decided to vent the 
initial hydrogen generated due to core heat-up. A sensitivity case was included 
assuming that the operators would open the wetwell vent and reduce pressure 
that had resulted from core heat up and cladding oxidation. Figures D-11 and  
D-12 include the sensitivity results for the larger water droplet diameter along 
with a case showing the offsetting effect if early venting had occurred. The spray 
effectiveness has a stronger impact on the releases occurring through the drywell 
vent path; therefore, the sensitivity can be significantly reduced if the demand for 
drywell venting is delayed. In this case, the need for drywell venting is delayed 
until approximately 64 hours into the event, compared to 18 hours in the original 
analysis. 

 

Figure D-11 
Mark I, droplet diameter, cesium iodide released through wetwell vent 
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Figure D-12 
Mark I, droplet diameter, cesium iodide released through drywell vent 

D.5.2 Aerosol Removal Efficiency 

The MAAP model calculates the drywell volume that is swept out by the falling 
water droplets. The volumetric sweep-out is then multiplied by an aerosol 
capture efficiency to compute the removal rate. This removal efficiency can be 
obtained experimentally from a variety of sources. The MAAP users manual 
recommends a nominal value of 0.02 obtained from experiments [4]. 
NUREG/CR-5966 provides a similar set of results from a theoretical evaluation 
[10]. Depending on the size of the fission product aerosols and the water droplet 
diameter, the capture efficiency can range from a value of 1.0 for extremely large 
aerosols to a minimum of about 0.0003 for aerosol sizes of approximately 0.1 μm 
(see Figure D-13).  
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Figure D-13 
Aerosol capture efficiency using sprays [10] 

The strategy chosen for this sensitivity case is one with successful operation of 
drywell sprays combined with the RHV operating in a controlled mode. Because 
this strategy shows an overall DF greater than 1000, it was selected to investigate 
whether the aerosol capture efficiency would impact the radionuclide release in a 
significant way. For this sequence, the wetwell vent is initially opened at the time 
of vessel breach. The vent is closed as a result of increasing suppression pool 
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water level. Later, the drywell vent is opened when the containment pressure 
again exceeds 60 psig. Figure D-14 provides the CsI release fraction from the 
drywell vent. Figure D-15 includes the small fraction released early due to the 
initial wetwell venting. Even at a capture efficiency of 0.0002, the overall DF for 
this case is approximately 1000. 

 

Figure D-14 
Aerosol removal efficiency, cesium iodide release fraction through drywell vent 
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Figure D-15 
Aerosol removal efficiency, total cesium iodide release fraction 

D.6 Sensitivity to Spray Flow Rate 

To more fully investigate the effect of spray on the ability of the containment 
system to mitigate fission product release, a sensitivity analysis to drywell spray 
flow rate was performed. For the reference plant, the minimum flow rate to cool 
the debris that does not cause a filling of containment (boil-off of the injection 
balances decay heat) is 100 gpm of external water. This is considered the 
minimum acceptable flow rate to cool the debris. Figures D-16 and D-17 
compare the release and containment aerosol removal capability for this case 
versus the spray and flood with RHV cases described in Appendix B.  

The removal of fission products from the drywell atmosphere is illustrated by 
Figure D-16. Reducing the spray flow by a factor of five reduces the aerosol 
removal by about as much. Eliminating the credit for spray altogether (the flood 
case), however, does not eliminate the natural capability of the containment to 
eliminate aerosols. This further demonstrates that the details of the spray model 
for containment are not crucial for the results in this report. 
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Figure D-16 
Spray flow rate, cesium iodide release fraction through wetwell vent 

Figure D-17 shows that, at reduced flow rates, the release continues at an 
increased rate for several hours. The reason is that the spray only quenches the 
core debris in the drywell node. It takes up to 30 hours for the debris in the 
pedestal to quench and stop producing aerosols. This shows that simply 
providing the minimum flow of external water to balance decay heat is not 
sufficient to minimize the release of radioactive materials. 
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Figure D-17 
Spray flow rate, total drywell aerosol removal rate 

D.7 Sensitivity to Core Debris Flow to Suppression Pool 

The Mark II containment response after vessel breach involves the flow of core 
debris into the suppression pool. Core debris can flow into the pool through the 
drain line in the pedestal and through the downcomers in the drywell. In the 
analyses performed for the Mark II containment, a large fraction of the core 
debris is relocated into the suppression, where it is quenched by the water. A 
sensitivity case was run to consider the impact if the debris did not relocate into 
the pool. The case selected for this sensitivity was the Mark II scenario with only 
the RHV. In the RHV case presented in Section 3 of this report, without 
assuming failure of the drain line, an overall DF of 1000 was obtained. The 
scenario resulted in eventual failure of the drywell due to elevated gas 
temperatures at about 59 hours; however, the releases were less than 0.1% CsI 
due to the late failure.  

The sensitivity case assumed that all debris remained on the drywell floor. In this 
case, core–concrete interaction began to occur in the drywell and elevated gas 
temperatures resulted in failure about 24 hours into the event. Figure D-18 
shows the CsI release fraction for the sensitivity analysis. The CsI release fraction 
for this case was approximately 10%, yielding an overall DF of only 10. 
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Figure D-18 
Core debris overflow, cesium iodide release fraction through drywell vent 

D.8 Sensitivity to In-Vessel Recovery 

A sensitivity case was executed that assumed recovery of core cooling and 
complete retention of the core debris in the RPV. As described previously for the 
Mark I base case, vessel breach occurs 12 hours into the event. For this 
sensitivity, it was assumed that a pump delivering 500 gpm at a shutoff head of 
200 psia was initiated 10 hours into the event. At this time, considerable core 
damage has occurred; however, the injection into the RPV is sufficient to prevent 
vessel breach and discharge of core material into the containment.  

Figure D-19 provides the release of CsI through the wetwell vent. In the base 
case, the wetwell vent is opened at the time of vessel breach. For the recovered 
case, the wetwell vent is opened at about 24 hours due to longer-term 
pressurization of the containment, as shown in Figure D-20. The original case 
with only the RHV resulted in an overall DF of 10. This case, with successful 
recovery of the core damage in-vessel, results in a CsI release fraction of only 
1.E-5, or an overall DF of approximately 50,000. 
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Figure D-19 
In-vessel recovery, cesium iodide release fraction through wetwell vent 

 

Figure D-20 
In-vessel recovery,drywell pressure 
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D.9 Sensitivity to Reliable Hardened Vent Sizing 

The size (diameter) of the RHV used in this study is based on the existing vent 
of the reference plant of approximately 18 in. in diameter. This vent size is larger 
than that specified in requirement 1.2.1 of the interim staff guidance for 
implementation of order EA-12-050 [11], which requires the vent to be able to 
pass saturated steam containing 1% decay heat with the containment at design 
pressure. For the reference plant, this would be satisfied by a 10-in.-diameter 
vent. The viable strategies in this report were simulated in this sensitivity using 
the 10-in. vent size. No significant change in the radioactive release results was 
shown. The reason for this is that, for the strategies to work, less than 1% of the 
core decay heat must pass through the vent, so the vent size is not a limiting 
parameter. At the time that containment protection is needed, the decay heat is 
less than 1%, so the amount of steam that needs to be relieved is within the 
capacity of the vent contemplated by the order. In addition, the viable cases 
analyzed include the heat-up of water from an external source, which reduces the 
required amount of steam that must be vented. Finally, containment pressure 
protection is augmented by venting noncondensable gas in the containment, 
further reducing the steam that must be relieved. 

The conclusion of this sensitivity analysis is that an RHV that meets the 
requirement specified in the interim staff guidance is sufficient to achieve the 
results reported in this report [11]. 
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