Contents

1 Introduction and Overview ..............ccccoiiiiiiiiiiiiiiiiiiiiiinnn.. 1
1.1 Industrial Innovation ...............ooiiiiiiiiiiiiiiiiiiiiiie e 1
1.2 Evolution of Boilers ...........coooiuiiiiiiiiiiiiiiiiiiii i, 1
1.3 Overview of the Super LWR and Super FR .......................... 6

1.3.1 Concept and Features ............ccoiviiiiiniiiiiniiiiineennnnn. 6
1.3.2 Improvement of Thermal Design Criterion ................... 10
1.3.3 Core Design Criteria ...........ceeeeuuiiiieeeeiieiiininnnann.. 12
1.3.4 Improvement of Core Design and Analysis ................... 13
1.3.5 Fuel Design ....ccouiiiiiiiiiiiiie i 16
1.3.6 Plant Control .......ooouiiiiiiiiiiiiiiii e 19
1.3.7 Startup SChemes .........ooviiiiiiiiiiiiiiiiii i 22
1.3.8 Stability ..o 28
1.3.9 Safety oo 37
1.3.10 Super FR ... 54
1.3.11 Computer Codes and Database .............cccovvviinneenn.. 61
1.4 Past Concepts of High Temperature Water and Steam Cooled
ReaCIOTS ...t 62
1.5 Research and Development ..............coiiiiiiiiiiiiiiiniiinnnen.. 63
L.5.1 Japan oo 63
1.5.2 BUIOPE ..ttt it 68
1.5.3 GIF and SCWR ..o e 68
1.5.4 Korea, China, US, Russia and IAEA .......................... 68
References .........uuiiiiiiiii 69

2 Core Design .........iiiiiiii 79

2.1 Introduction .......oeeieiiiiiiiii et 79
2.1.1 Supercritical Water Thermophysical Properties ............... 80
2.1.2 Heat Transfer Deterioration in Supercritical Water ........... 82
2.1.3 Design Considerations with Heat Transfer Deterioration ..... 90

2.2 Core Design SCOPE ..ottt 92
2.2.1 Design Margins ..........oeeeeuieeeeiineeeiineeeuuineeennneenns 92

xi



Xii

Contents
2.2.2 Design CriteTia ......vveuueeeitine et eetiaeeeiiieeeeiineaens 96
2.2.3 Design Boundary Conditions .................oooiiiiiiinnnn... 98
2.2.4 Design Targets ......ceeueeeiiineiiiie it 100
2.3 Core Calculations .........uuuuiieeieitiiiiiiii it 102
2.3.1 Neutronic Calculations ...........ccceeiiiiiiiiiiiiiiiiin... 102
2.3.2 Thermal-Hydraulic Calculations .............c..cooevunnn.n. 112
2.3.3 Equilibrium Core Calculations ..............ccovvviiinnnnnn. 120
2.4 Core DeSIZNS ..ttt 122
2.4.1 Fuel Rod Designs ..........iiiiiiiiiiiiiiiiaiiiiiinnn. 122
2.4.2 Fuel Assembly Designs ..........ccovvviiiiniiiiinniiinnnnnnn. 128
2.4.3 Coolant Flow Scheme ...........ccociiiiiiiiiiiiiiiiiiiin... 137
2.4.4 Low Temperature Core Design with R-Z
Two-Dimensional Core Calculations ......................... 140
2.4.5 High Temperature Core Design with
Three-Dimensional Core Calculations ....................... 145
2.4.6 Design Improvements ..............eeeuiiiieeeiieiiinnnnnn... 161
2477 SUMMATY oottt ettt eeens 170
2.5 Subchannel Analysis ...........coooiiiiiiiiiiiiiiiiiiiiiiiiiaaaeen 173
2.5.1 Subchannel Analysis Code ...........ccciiiiiiiiiiiiiinaen. 173
2.5.2 Subchannel Analysis of the Super LWR ..................... 177
2.6 Statistical Thermal Design ...........cccooiiiiiiiiiiiiiiiiiiiin . 181
2.6.1 Comparison of Thermal Design Methods .................... 182
2.6.2 Description of MCSTDP ........ooiiiiiiiiiiiii i 184
2.6.3 Application of MCSTDP ..., 190
2.6.4 Comparison with RTDP ..., 198
2.6.5 SUMMATY ..vuniiiiit ettt cie e ie e iaaeanns 200
2.7 Fuel Rod Behaviors During Normal Operations ................... 200
2.7.1 Evaluation of the Maximum Peak Cladding
Temperature ...........ooeouiiiiiiiniiiiii i 200
2.7.2 Fuel Rod Analysis ........ccoiiiiiiiiiiiiiiiiiiiniiiaaen, 201
2.7.3 Fuel Rod Design .........uuiiiiiiiiiiiiiiiiee i, 205
2.8 Development of Transient Criteria ...............cccoiiiiiiniee.. 208
2.8.1 Selection of Fuel Rods for Analyses ......................... 209
2.8.2 Principle of Rationalizing the Criteria for Abnormal
TransSients .......ooeeuiiiiiiie i 210
2.9 SUMMATY ..o 217
References ..........uuuuiiiiii 218
Plant System Design ...ttt 221
3.1 Introduction .......cooiiiinniii e 221
3.2 System Components and Configuration ............................ 222
3.3 Main Components CharacteristiCs .............oeeeeeiiuunuineeeenn 223
3.3.1 Containment  .......ceeeuuiunnneeeetiiiiiia e 224

3.3.2 Reactor Pressure Vessel .........cccoviiiiiiiiiiiiniininnnnn.. 226



Contents xiii

333 InternalsS ...ttt 227
334 TurbiNe ...ooeeeiiii i 228
3.3.5 Steam Lines and Candidate Materials ........................ 230

3.4 Plant Heat Balance ............ccoooiiiiiiiiiiiiiiiiiiiiiiiii e 230
3.4.1 Super LWR Steam Cycle Characteristics .................... 230
3.4.2 Thermal Efficiency Evaluation .....................c.ooooel 232
3.4.3 Factors Influencing Thermal Efficiency ...................... 235

3.5 SUMMATY ettt ettt 238
References ........uuiiiiii i 239
4 Plant Dynamics and Control .................... ..o 241
4.1 Introduction ..........euuuiiiriiittitiiie e 241
4.2 Analysis Method for Plant Dynamics ..............ccooooiiia.e. 241
4.3 Plant Dynamics Without a Control System ........................ 246
4.3.1 Withdrawal of a Control Rod Cluster ........................ 248
4.3.2 Decrease in Feedwater Flow Rate .......................oo. 248
4.3.3 Decrease in Turbine Control Valve Opening ................ 250

4.4 Control System Design .........ccouiiiiiiiiiiiiiiiiiiii i 252
4.4.1 Pressure Control System ..........c.c.ovveiiiiiiiiiniiiinnaeenn. 253
4.4.2 Main Steam Temperature Control System ................... 255
4.4.3 Reactor Power Control System ..............ccvveviiinnnnnnn. 256

4.5 Plant Dynamics with Control System ..............ccooivviiinnn.... 258
4.5.1 Stepwise Increase in Pressure Setpoint ....................... 259
4.5.2 Stepwise Increase in Temperature Setpoint .................. 261
4.5.3 Stepwise Decrease in Power Setpoint ........................ 262
4.5.4 Impulsive Decrease in Feedwater Flow Rate ................ 262
4.5.5 Decrease in Feedwater Temperature ................c.cooeee. 264
4.5.6 DISCUSSION .....ttitiiiiiine ettt et eeeees 265

4.6 SUMMATY oottt ettt et eiaeees 266
References ......couuiiiiniii i 266
5 Plant Startup and Stability ................ ... 269
5.1 Introduction .......cooiiiminnii it 269
5.2 Design of Startup Systems ..........c.coviiiiiiiiiiiiiiiiiiiiniiaatn 270
5.2.1 Introduction to Startup Schemes of FPPs .................... 270
5.2.2 Constant Pressure Startup System of the Super LWR ....... 273
5.2.3 Sliding Pressure Startup System of the Super LWR ......... 279

5.3 Thermal Considerations ............c.ceeeuuiieeeeeeeniiuninnneeeeen 282
5.3.1 Startup Thermal Analysis Code .............ccoiiviiinnn.nn. 282
5.3.2 Thermal Criteria for Plant Startup ............................ 288
5.3.3 Thermal Analyses ............coooiiiiiiiiiiiiiiiiiiiiiiiin... 289

5.4 Thermal-Hydraulic Stability Considerations ....................... 295
5.4.1 Mechanism of Thermal-Hydraulic Instability ................ 295

5.4.2 Selection of Analysis Method ...............ccoooviiiin.n. 297



Xiv

Contents
5.4.3 Thermal-Hydraulic Stability Analysis Method ............... 298
5.4.4 Thermal-Hydraulic Stability Analyses ....................... 304
5.5 Coupled Neutronic Thermal-Hydraulic Stability
ConSIAErations  ........ceeuuuunieee ettt 316
5.5.1 Mechanism of Coupled Neutronic
Thermal-Hydraulic Instability .................cccoooii.... 316
5.5.2 Coupled Neutronic Thermal-Hydraulic Stability
Analysis Method ... 318
5.5.3 Coupled Neutronic Thermal-Hydraulic
Stability AnalysSes .......coeeiiiiiiiiiiieiiiiniiiineeiiaaaaans 324
5.6 Design of Startup Procedures with Both Thermal
and Stability Considerations ...........c.c.oveeiiiiiiiiineeiinneeennn. 335
5.7 Design and Analysis of Procedures for System
Pressurization and Line Switching in Sliding Pressure
Startup Scheme ... 338
5.7.1 Motivation and Purpose ............cccooiiiiiiiiiiiiiiiiin... 338
5.7.2 Redesign of Sliding Pressure Startup System ................ 339
5.7.3 Redesign of Sliding Pressure Startup Procedures ............ 340
5.7.4 System Transient Analysis ........c.cooeeeiiiiiiiiiiiininnenn. 343
5.8 SUMMATY ittt 345
References ... 347
D 349
6.1 Introduction ..........coooiuniiiiiii it e 349
6.2 Safety Principle ... 349
6.3 Safety System Design .......couiiiiiiiiniiiii i 350
6.3.1 EQUIPMENt ...ooiiniiiiinteiie it 350
6.3.2 Actuation Conditions of the Safety System .................. 355
6.4 Selection and Classification of Abnormal Events .................. 357
6.4.1 Reactor Coolant Flow Abnormality .......................... 358
6.4.2 Other AbnormalitieS .............ccooiiiiiiiiiiiiiiininnnn... 360
6.4.3 Event Selection for Safety Analysis .............cccoooenn... 361
6.4.4 Uniqueness in the LOCA of the Super LWR ................ 362
6.5 Safety CIiteria ........ceouuiiiiiiiiiiiiin it 363
6.5.1 Criteria for Fuel Rod Integrity .................ccooiiiiiinn... 364
6.5.2 Criteria for Pressure Boundary Integrity ..................... 365
6.5.3 Criteria for ATWS ... 365
6.6 Safety Analysis Methods .........cooviiviiiiiiiiiiiniiiini i, 366
6.6.1 Safety Analysis Code for Supercritical
Pressure Condition ..............ciiiiiiiiiiiiiiiiiii 366
6.6.2 Safety Analysis Code for Subcritical Pressure Condition .... 371
6.6.3 Blowdown Analysis Code .........ccovviiiiiiiiiiiiiinnnnnn. 372
6.6.4 Reflooding Analysis Code ..........covviiiiiiiiiiiiiinnnnn. 377



Contents XV
6.7 Safety ANalySes ......vieiriiieiiiiit i s 380
6.7.1 Abnormal Transient Analyses at Supercritical Pressure ..... 382
6.7.2 Accident Analyses at Supercritical Pressure ................. 391
6.7.3 Loss of Coolant Accident Analyses .......................... 395
6.7.4 ATWS ANalysiS ....vviiuiiiiiiiniiiiieiiin e iiieeeiaaeanns 401
6.7.5 Abnormal Transient and Accident Analyses at Subcritical
Pressure ... 412
6.8 Development of a Transient Subchannel Analysis Code
and Application to Flow Decreasing Events ....................... 415
6.8.1 A Transient Subchannel Analysis Code ...................... 415
6.8.2 Analyses of Flow Decreasing Events ........................ 417
6.8.3 SUMMATY ...ttt i i 423
6.9 Simplified Level-1 Probabilistic Safety Assessment ............... 423
6.9.1 Preparation of Event Trees ....................coooiiin.t. 423
6.9.2 Initiating Event Frequency and Mitigation System
Unavailability ... 431
6.9.3 Results and Considerations ...................cooiiiinan. 432
6.9.4 SUMMATY ..ottt e 435
6.10 SUMMATY ..ottt s 436
References ........uuiiiiii i 437
7 Fast Reactor Design ...t 441
7.1 Introduction ... 441
7.2 Design Goals, Criteria, and Overall Procedure .................... 441
7.2.1 Design Goals and Criteria ............ooveeiiiiiiiiiiieneaan.. 441
7.2.2 Overall Design Procedure ............ccoviviiiiiniiiinnn.n. 443
7.3 Concept of Blanket Assembly with Zirconium Hydride Layer .... 445
7.3.1 Effect of Zirconium Hydride Layer on Void Reactivity ..... 445
7.3.2 Effect of Zirconium Hydride Layer on Breeding
Capability .....ooiiii e 450
7.3.3 Effect of Hydrogen Loss from Zirconium Hydride
Layers on Void Reactivity .........cccoooiiiiiiiiiiiiiiinn... 451
7.4 Fuel Rod Design ......ooouiiiiiiiiiiiie i 453
7.4.1 Introduction ............ooiiiiiiiiiiiiii e 453
7.4.2 Failure Modes of Fuel Cladding ................cooooiiiiiit. 454
7.4.3 Fuel Rod Design Criteria ............covveiiiiiiiiiiiinneaann. 456
7.4.4 Fuel Rod Design Method .............oooiiiiiiiiiiiiiiiiot 459
7.4.5 Fuel Rod Design and Analysis .........cccovvviiiniiiinnnnnnn. 462
7.4.6 Summary of Fuel Rod Design ...............cooiviiiiin.n. 465
7.5 Core Design Method and 1,000 MWe Class Core Design ......... 467
7.5.1 Discussion of Neutronic Calculation Methods ............... 467
7.5.2 Core Design Method .........cooviiiiiiiiiiniiiiiniiiinaanens 468

7.5.3 Materials Used in Core Design ...........covvvviiiiiinnnn.n. 479



XVi

Contents

7.5.4 Fuel Assembly Design ...........ccooiviiiiiiiiiiiniiiiinnaa.n.
7.5.5 Core AITangement ............oeeeeuneeeinneeeenneeeinnaeennn
7.5.6 Design of 1,000 MWe Class COre ...........cceuuiiieeeennn.
7.6 Subchannel Analysis ...........cooiiiiiiiiiiiiiiiiiiiiiiiiiiiaaaaaes
7.6.1 INtroduction ..........cccoiuuiiiiiii e
7.6.2 Temperature Difference Arising from Subchannel
Heterogeneity .........oooeiuiiiiiiiiiiiiiii i,
7.6.3 Evaluation of MCST over Equilibrium Cycle ...............
7.7 Evaluation of Maximum Cladding Surface Temperature
with Engineering Uncertainties .............cooovviiiieeeiiineennnn.
7.7.1 Treatment of Downward Flow .....................ooooi
7.7.2 Nominal Conditions and Uncertainties .......................
7.7.3 Statistical Thermal Design of the Super FR ..................
7.7.4 Comprehensive Evaluation of Maximum Cladding Surface
Temperature at Normal Operation ..............cccoounnn...
7.8 Design and Improvements of 700 MWe Class Core ...............
7.8.1 Design of Reference Fuel Rod and Core .....................
7.8.2 Core Design Improvement for Negative Local
Void Reactivity .......oiiiiiiiiiii i
7.8.3 Core Design Improvement for Higher Power Density .......
7.9 Plant Control ...........eeeeiiiiiiiiiiiiiiiiiii i
7.9.1 Plant Transient Analysis Code for the Super FR .............
7.9.2 Basic Plant Dynamics of the Super FR .......................
7.9.3 Design of Reference Control System .........................
7.9.4 Improvement of Feedwater Controller .......................
7.9.5 Plant Stability Analyses ........ccoeviiiiiiiiiiineiiiinaeans
7.9.6 Comparison of Improved Feedwater Controllers ............
7.9.7 Summary of Improvement of Feedwater Controller .........
7.10 Thermal and Stability Considerations During Power
Raising Phase of Plant Startup .............ccoiiiiiiiiiiiiii.
7.10.1 IntroduCtion ..........ueuiiieeiiiiiiiiiiie e,
7.10.2 Calculation of Flow Distribution ..........................
7.10.3 Thermal and Thermal-Hydraulic Stability
Considerations ............eeuuuiiiiiiiiiiiiiiiia e,
7.10.4 Sensitivity Analyses .........oeeeiiiiiiiiiiiiiiiiiiiiiaan
L1 Safely oo
7.11.1 Introduction ............cccoiiiiiiiiiiiiiiiiiiiiiiiiiia..
7.11.2 Analyses of Abnormal Transients and Accidents
at Supercritical Pressure ........... ...
7.11.3 Analyses of Loss of Coolant Accidents ...................
7.11.4 Analyses of Anticipated Transient Without
Scram Events ...
T 12 SUMMATY oottt ittt et ettt e e e et e e etia e e aaaees
References .......ouuiiiiiii i e



Contents Xvii

8 Research and Development ... 571
8.1 Japan ... 571
8.1.1 Concept Development ............ccoooviiiiiiiiiiiiiiinnaeen. 571
8.1.2 Thermal Hydraulics ..............ccoooiiiiiiiiiiiiiiiiiinn... 575
8.1.3 Materials and Water Chemistry ..............ooovieiiiinnnnn. 577

8.2 Other COUNLIIES ...ttt ittt 581
8.2.1 BUIOPE ..ttt e 581
8.2.2 Canada ...l 583
8.2.3 KOrea ..ooiuuiiii i 584
8.2.4 ChiNa .....oviiiiiiiii i 584
8.2.5 USA o 585

8.3 International ACtIVItieS ..........oiiiiiiiiiiiiiiiiiii i, 587
8.3.1 Generation-IV International Forum .......................... 587
8.3.2 TAEA-Coordinated Research Program ....................... 587
8.3.3 International Symposiums ...........ccooiiiiiiiiiiiiiiii.... 588
References ... 590

Appendix A: Supercritical Fossil Fired Power Plants — Design and
Developments ............cccoiiiiiiiiiii 599

Appendix B: Review of High Temperature Water and Steam Cooled
Reactor Concepts ..........ccooviiiiiiiiiiniiiiiiiiiiiieeennnn, 619



	Contents


