
Reactor Types of 

Interest  

(Applicability) 

Larry Ott 
Reactor and Nuclear Systems Division 
Oak Ridge National Laboratory 

 

 
 

 

Second Meeting on Increased Accident Tolerance of 

Fuels for LWRs 

NEA Headquarters 

Issy-les0Moulineaux, France 

29-29 October 2013 



2 OECD-NEA Second Meeting on ATFs for LWRs 28 October 2013 

Outline 

• Background 

– World-Wide 

– USA 

• PWRs and BWRs (they are different !) 

• LWR accident response 
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Light Water Reactor (LWR) Nuclear Power Plant 

(NPP) Development 

 

Large commercial NPPs 

currently in operation 

throughout U.S. and World-

Wide 

Gen II 

Advanced LWRs 

Gen III 
ABWR (GE) 

System 80+ (CE) 

VVER-428 (RF) 

CPR-1000 (China) 

APR-1400 (S.Korea) 

• Evolutionary Designs 
• Improved Economics 
• Advanced Safety Features 
• Some Passive Design 
• Advanced Containment Design 
• Simplified System Designs 
  

  

Gen III+ 

ESBWR (GE) 

AP 1000 (W) 

ACR 700 (AECL) 

EPR (AREVA) 

PBMR (South Africa) 

VVER-AES-91&-92 (RF) 

VVER-1200 (RF) 
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LWR NPPs – World-Wide - Operating and Under-

Construction (with expected operation within 5 years) 

Operating :  426 units 

Under-Construction : 8 units 

Gen II 

Operating :  12 units 

Under-Construction : 27 units 

Gen III 
ABWR (GE) 

System 80+ (CE) 

VVER-428 (RF) 

CPR-1000 (China) 

APR-1400 (S.Korea) 

Operating :  None 

Under-Construction : 26 units 

Gen III+ 
ESBWR (GE) 

AP 1000 (W) 

ACR 700 (AECL) 

EPR (AREVA) 

PBMR (South Africa) 

VVER-AES-91&-92 (RF) 

VVER-1200 (RF) 
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LWR NPPs – USA 

Operating and Under-Construction 

Operating :  99 units 

      PWRs :  65 units 

      BWRs :  34 units 

Under-Construction : 1 unit 

Gen II 

Operating :  None 

Under-Construction : None 

Gen III 
ABWR (GE) 

System 80+ (CE) 

VVER-428 (RF) 

CPR-1000 (China) 

APR-1400 (S.Korea) 

Operating :  None 

Under-Construction : 4 units 

            Vogtle 3 and 4 

            Summer 2 and 3 

Gen III+ 
ESBWR (GE) 

AP 1000 (W) 

ACR 700 (AECL) 

EPR (AREVA) 

PBMR (South Africa) 

VVER-AES-91&-92 (RF) 

VVER-1200 (RF) 
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LWR NPPs – USA – Operating – all Gen II 

PWRs :           B&W               6 

                       CE                 12 

                                2-loop     5 

                       W     3-loop    13 

                                4-loop   29 

                        

                        Total              65 

Containments :   dry-ambient pressure      49 

                           dry-subatmospheric           7 

                           wet-ice condenser             9 

BWRs :    Containments -  Mark I     22 

(all GE)                               Mark II      8 

                                           Mark III     4 

 

                                           Total        34 

 

Reactor Type :       BWR2              2 

                              BWR3              6 

                              BWR4            18 

                              BWR5              4 

                              BWR6              4                                
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BWR Evolution 

All U.S. BWRs except 

Oyster Creek 
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BWR Containment Comparison 

22 U.S. BWRs 
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NPPs in Japan 

PRE-Fukushima Accident : 

•PWRs: 24 Units 

•BWRs: 30 Units 

• with 2 under const. 
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Core Damage Frequency for Current-

Generation Reactors (U.S.) 

• Grand Gulf 

• Peach Bottom 

• Sequoyah 

• Surry 

• Zion 

• US-APWR 

• AP1000 

• US-EPR 

• ABWR 

• ESBWR 

4.0 x 10-6 

4.5 x 10-6 

5.7 x 10-5 

4.0 x 10-5 

3.4 x 10-4 

1.2 x 10-6 

2.4 x 10-7 

5.3 x 10-7 

1.6 x 10-7 

3.2 x 10-8 

Gen II 
(NUREG-1150) 

Gen III and Gen III+ 

Design Control Documents, 

Chapter 19, NRC website 

GEH 
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Focus Probably Should Be On Current 

Generation NPPs 

• Operation into the 2030’s and maybe the 2040’s 

• Higher CDFs 

• Consider both PWRs and BWRs 

• SA Benchmarks : 

– PWRs : TMI-2 

– BWRs : Fukushima Dai-ichi 

• Which unit ?? 
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PWRs and BWRs are different !! 
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For SA Modeling, ALL Components in a 

PWR MUST be Considered and Modeled 
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After SCRAM, the BWR is Essentially 

an Isolated Vessel 

• MSIVs close 

• Recir. Pumps trip  
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Predicted BWR Severe Accident Response Is 

Different from That Expected of a PWR in  

Several Aspects 

• Much more zirconium metal 

– For example: consider comparable 1000MWe PWRs and BWRs 

• BWR has 3X the zirconium in the PWR core 

• BWR has ~1.5X the fuel in the PWR core 

• Isolated reactor vessel 

• Different radionuclide release paths 

• Reduction in power factor in the outer core region (next slide) 
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Definition of Radial Zones for Browns Ferry 

Unit 1 Cycle 6 Core 

Note 
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Predicted BWR Severe Accident Response Is 

Different from That Expected of a PWR in  

Several Aspects (continued) 

• Effects of safety relief valve 
actuations 

– 11 SRVs at BF 

– Each SRV rated at ~6.5% of 
rated steam generation 

– 50-75 psi pressure drop 

– Significant effect on water 
level and core flow 
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Predicted BWR Severe Accident Response Is 

Different from That Expected of a PWR in  

Several Aspects (continued) 

• Progressive relocation of core structures 
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Predicted BWR Severe Accident Response Is 

Different from That Expected of a PWR in  

Several Aspects (continued) 

• Importance of core plate boundary 

– Does NOT support the core 

• Steel structures in vessel 

– In-core (185 CBs at BF) 

• ~17 mt SS 

• ~1mt B4C 

– Lower plenum at BF 

• ~90 mt SS 

• Large amount of water in vessel 
lower plenum (enough to quench 3 
molten cores) 
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Questions ?? 
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Potential Hydrogen Generation in BWR Core 

NPP Rated Power 

(MWt) 

Zr 

(kg) 

SS 

(kg) 

Potent.H2 

Generation 

from Zr 

(kg) 

Potent.H2 

Generation 

from SS 

(kg) 

1F1 1380 34270 9013 1515 325 

1F2-5 2381 46949 12729 2075 459 

Browns Ferry 3433 65455 17189 2893 620 

Notes: 

•In PWRs and BWRs of comparable powers (e.g. 1000 MWe), there is 3 times the amount of 

Zr in a BWR  core versus a PWR core (and 1.5 times the amount of UO2) 

•For the Fukushima hydrogen explosions, it is estimated that only 100-300 kg H2 was needed 

per explosion 
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Core Degradation Process : Temperature 

Scale P. Hofmann, S. Hagen, G. Schanz, 

and A. Skokan, Reactor Core 

Materials Interactions at Very High 

Temperatures, Nuc.Tech. 87(1) 

August 1989 

Liquefaction starts with the 

formation of eutectic mixtures: 

Confirmed in all integrated SA 

experiments 
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Experimental Bases (PWRs) for Current SA 

Codes 

•>40 Experiments 

•Includes  
large scale tests (LOFT, TMI) 

debris beds (MP) 

fission product release series 

(PHEBUS) 

Most tests focus on in-core 

degradation (notably CORA and 

QUENCH) 

In-pile with irradated fuel rods 

(LOFT, TMI, PBF, FLHT, PHEBUS) 

Out-of-pile tests (CORA and 

QUENCH) 
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Experimental Bases (BWRs) for 

Current SA Codes 

• 9 experiments 

• Includes  
Most tests focus on in-core 

degradation (DF-4, CORA) 

One in-pile test (DF-4) 

No tests with irradiated fuel 

Out-of-pile tests (CORA and 

XR) 

XR focus is on lower 1 m of 

core (including coreplate) 
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Mechanism of Debris Relocation to 

Lower Plenum Not Established for BWR 

Severe Accident Sequences 

• Similar to Three Mile Island? 

– Debris bed forms in core region 

– Sudden entry of large mass of molten material to lower plenum 

• Or controlled by BWR Geometry? 

– Most debris passes through core plate 

– Relocating material quenched 

– Debris bed forms in lower plenum 

 Sandia XR2-1 “BWR Metallic Melt Relocation Experiment” [NUREG/CR-6527, August 

1997] demonstrated BWR-unique early core plate passage of debris  
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OCDE/GD(96)14  or  NEA/CSNI/R(95)21 


