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Motivation
Fukushima unfortunately happen even though  

• Lesson learnt  from TMI-1 and Chernobyl
• Periodic safety assessment based on probabilistic and deterministic methods
• National and  international evaluation of  NPP events
• Worldwide upgrade of nuclear power plants to meet today’s safety requirements

Accident analysis starts with Postulated Initiating Events (PIE), categories of events and 
bounding analysis

• Fukushima sequence of events not really anticipated in accident analysis
• Assumptions on initiators and availability of safety systems did not cover Fukushima accident

Fukushima accident progression revealed the importance of
• Operational and  emergency handbook
• AMM and Severe Accident  Management guidelines (SAM)

Development of proper countermeasures to control accidental sequences (prevention) and to 
limit their consequences (mitigation) requires a deep understanding of physical phenomena

• Numerical safety analysis codes can help a lot
• Predictive capability of “safety analysis codes” increased significantly last decades

Safety demonstration relies on “validated” numerical codes and must be based on state-of-
the-art 
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Safety level (DiD Level) Goal Deployed 
systems Procedures

1
Intended
operation

Normal operation
prevention of 
abnormal operation 
and failures

operational systems,
limiting and protection 
systems

conservative design, 
quality assurance

2 Operational occurrences prevention of DBAs
operational systems, 
limiting and protection 
systems

inherent safety by design 
( negative temperature 
feedback to reactivity)

3 Design Basis Accidents (DBA)
control of accident
and prevention of 
BDBA

passive und active safety 
systems inherent safety by design

4
Beyond Design 
Basis Accidents 

(BDBA)

a: very unlikely events e.g. 
ATWS, etc. control of event

safety systems and/or still 
available operational 
systems

accident management  incl. 
operator actions:

preventive 

mitigative 

b: multiple failure of safety 
systems

prevention of core 
damage

c: severe accident incl.  core 
damage

mitigation of 
consequences

DBA Scenarios: level 3 and 4a: DBA + ATWS1)

1): Anticipated Transient Without SCRAM (ATWS) considered as level 4a event, but traditionally deterministically analysed for LWRs

Defense in Depth Concept (DiD)

Beyond DBA: scenarios  of interest at level 4b and 4c

DiD: Defense in Depth
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Accidental Sequences: 
Postulated Initiating Event

Dangerous conditions

Preventive  AMM

Core degradation

Safe state

Safe state

Controlled

Not controlled

Not controlled

Design Basis Accidents

Severe Accidents

Operational and 
safety systems 

Mitigative AMM

Radioactive Release

Controlled

Not controlled

Controlled

No release
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Safety Demonstration
Based mainly on Numerical Simulation Codes

Neutron physical and thermal 
hydraulic, structural mechanic design 
tools

Neutron physical/thermal hydraulic 
system codes

TH system codes coupled with models 
for chemo-physical material behavior of 
severe accidents

Thermal hydraulic phenomena in 
Containment  

Dispersion of radioactive material in 
case of hypothetical core meltdown 
accidents 

• Compliance of  inherent safety 
feature and safety limits during 
normal operation

• Compliance of safety limits during 
beyond DBA

• Compliance of containment design 
limits (last barrier)

• Compliance of radiological limits in 
case of DBA and hypothetical 
accidents

• Compliance of safety limits during 
transients and DBA
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Multi-scale 
Best-Estimate Thermal Hydraulic Methods

Main goals:
• Better description of phenomena inside primary circuit including the reactor 

core (3D effects)
• Improvement of two-phase flow models of sub-channel codes (KTF)  and 

CFD codes
• Multi-scale coupling of thermal-hydraulic models

Focus on multi-scale modelling of nuclear power plants (fuel 
assemblies, core, primary system, secondary systems)
• CFD Codes: NEPTUNE CFD 
• Sub-channel codes: SUBCHANFLOW and KTF 
• System codes: TRACE, RELAP5, ATHLET

Validation and Verification:
• Int. benchmarks e.g. V1000-CT Benchmark, OECD BFBT, PSBT Benchmark
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PWR RPV
CFD Multi-scale Modeling

Downcomer and lower plenum:
• Elliptical bottom plate resolved by grid
• Loss coefficient derived from detail model

Development chain
• ∆p obtained from stand-alone full detail model (3 Mio. 

cells)
• Implementation of ∆p coefficient in the coarser RPV 

model  (5000 cells)
Computing effort:
• Linux Cluster Xeon 2.4 GHz:  2 weeks CPU time (12 

processes parallel) for 1800s transient
• Model development at Windows PC (XP64 Bit-system)

M. Böttcher



9 05.01.2012 | Dr. V. Sanchez | Global 2011  12.12- 16.12.2011  Tokyo      

PWR Plant:
CFD Integral Primary Loop Model: Multi-scale Approach 

Primary loops:
• Steam generators and pumps: porous media 

approach; heat and momentum exchange by 
volumetric source terms

• 34 000 000 cells (for all), ∆~50mm

Model assumptions:
• Parts of the geometry are not available like 

pump impellers or several details 
from the pump housing

• Construction without CAD geometry 
(partially)

M. Böttcher
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Best-Estimate Methodologies
for Transient Analysis of BWR Including U&S Quantification

Goal: Realistic description of thermal hydraulic and neutron 
kinetics processes taking into account interactions between 
TH and NK

Approach is based on following steps:

• XS  generation with the lattice code SCALE6/TRITON for any core loading 

• Multidimensional thermal hydraulic and neutron kinetic core models

• Transient simulation with coupled TH / NK codes such as TRACE/PARCS

• Quantification of code’s uncertainties
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Computational Route
Based on SCALE/PARCS/TRACE
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Cross
Section
Library

(PMAXS)

Neutron Kinetic
Code

PARCS

Thermal-Hydraulic
Code

TRACE
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Uncertainty and Sensitivity Quantification (1)
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New developed PARCS/SUSA Scheme Scheme of Uncertainty Propagation

Coupling of PARCS with SUSA:  Propagation of uncertainty of  input parameters to 
output ones by Monte Carlo sampling
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Uncertainty and Sensitivity Quantification (2)
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Flow chart of uncertainty analysis for 
TRACE/PARCS with SUSA

List of important parameters for S&U

Index 1  2  3  4  5  6  7  8  9  10  11 

Parameter Σt,1 Σt,2 Σa,1 Σa,2 νΣf,1 νΣf,2 κΣf,1 κΣf,2 σXe,1 σXe,2 σSm,1  
                         
Index 12  13  14  15  16  17  18  19  20  21  22 

Parameter σSm,2 Σf,1 Σf,2 Σs12 ADF1 ADF2 InV1 InV2 yield β λ  
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BWR Control Rod Drop Analysis
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 0 0
3 0 0 0 0 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 0 0 0 0
4 0 0 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 0 0
5 0 0 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 0 0
6 0 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 0
7 0 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 0
8 0 0 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 0 0
9 0 0 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182 0 0

10 0 183 184 185 186 187 188 189 190 191 192 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207 208 209 210 211 212 0
11 0 213 214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236 237 238 239 240 241 242 0
12 0 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260 261 262 263 264 265 266 267 268 269 270 271 272 0
13 0 273 274 275 276 277 278 279 280 281 282 283 284 285 286 287 288 289 290 291 292 293 294 295 296 297 298 299 300 301 302 0
14 0 303 304 305 306 307 308 309 310 311 312 313 314 315 316 317 318 319 320 321 322 323 324 325 326 327 328 329 330 331 332 0
15 0 333 334 335 336 337 338 339 340 341 342 343 344 345 346 347 348 349 350 351 352 353 354 355 356 357 358 359 360 361 362 0
16 0 363 364 365 366 367 368 369 370 371 372 373 374 375 376 377 378 379 380 381 382 383 384 385 386 387 388 389 390 391 392 0
17 0 393 394 395 396 397 398 399 400 401 402 403 404 405 406 407 408 409 410 411 412 413 414 415 416 417 418 419 420 421 422 0
18 0 423 424 425 426 427 428 429 430 431 432 433 434 435 436 437 438 439 440 441 442 443 444 445 446 447 448 449 450 451 452 0
19 0 453 454 455 456 457 458 459 460 461 462 463 464 465 466 467 468 469 470 471 472 473 474 475 476 477 478 479 480 481 482 0
20 0 483 484 485 486 487 488 489 490 491 492 493 494 495 496 497 498 499 500 501 502 503 504 505 506 507 508 509 510 511 512 0
21 0 513 514 515 516 517 518 519 520 521 522 523 524 525 526 527 528 529 530 531 532 533 534 535 536 537 538 539 540 541 542 0
22 0 543 544 545 546 547 548 549 550 551 552 553 554 555 556 557 558 559 560 561 562 563 564 565 566 567 568 569 570 571 572 0
23 0 573 574 575 576 577 578 579 580 581 582 583 584 585 586 587 588 589 590 591 592 593 594 595 596 597 598 599 600 601 602 0
24 0 0 603 604 605 606 607 608 609 610 611 612 613 614 615 616 617 618 619 620 621 622 623 624 625 626 627 628 629 630 0 0
25 0 0 631 632 633 634 635 636 637 638 639 640 641 642 643 644 645 646 647 648 649 650 651 652 653 654 655 656 0 0
26 0 657 658 659 660 661 662 663 664 665 666 667 668 669 670 671 672 673 674 675 676 677 678 679 680 681 682 0
27 0 683 684 685 686 687 688 689 690 691 692 693 694 695 696 697 698 699 700 701 702 703 704 705 706 707 708 0
28 0 0 709 710 711 712 713 714 715 716 717 718 719 720 721 722 723 724 725 726 727 728 729 730 731 732 0 0
29 0 0 733 734 735 736 737 738 739 740 741 742 743 744 745 746 747 748 749 750 751 752 753 754 0 0
30 0 0 0 0 755 756 757 758 759 760 761 762 763 764 765 766 767 768 769 770 0 0 0 0
31 0 0 771 772 773 774 775 776 777 778 779 780 781 782 783 784 0 0
32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Control Rod Drop Accident (CDA): 
• TH Model with 20 CHAN: 128 % of P
• TH Model with 784 CHAN: 125 %  

Models: 
• BWR core 
• Power: 3840 MWth
• 20 versus 784 parallel channels
• CRD Position: 10:10
• CRD #5 out: 0.534 s

Radial power distribution at Pmax (0.510s)
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BWR CDA 
Analysis including U & S Analysis 
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Rel. Power Evolution during Rod Drop 
Accident with uncertainty band

Core average fuel temperature 
uncertainty band

Most influencing parameters:
• Transport cross sections Σt
• Fission ν Σf and 
• Absorption Σa= Σc and Σf

↑ thermal νΣf2  ↑Pmax
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LWR
Advanced Methods for Safety Assessment of DBA

EU NURISP Project

USA CASL Project 

High-fidelity / multi-physics developments: From FA  to pin-based simulations

• Direct prediction of local safety parameters at cell level
• Reduction of conservatism 
• Coupling of a time dependent SP3 Transport  with a sub-channel code: DYNSUB

POWER

PIN
Cross Sections

Neutronic Thermalhydraulic
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DYNSUB: PWR MOX REA Benchmark

DYNSUB: rel. Pin Power  of hottest layer 9

Steady state 
Conditions just before 

Control Rod Drop 

DYNSUB: Prediction of 
local safety parameters

DYNSUB: Global Parameters
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Summary
Continuous evaluation of “plant safety status” of operating reactors is very 
important

• Identification of  weakness for upgrades and reduction of residual risk
• Rethinking of PIE categories and bounding approach needed

Best-estimate numerical simulation codes may help to  
• Better understand the sequence of accidents
• Develop preventive  and mitigative measures
• Characterize the fuel composition in reactor and fuel storage pool at any 

operation time
- Potential radioactive release
- Expected dose rates inside / outside the plant

Enhanced predictive capability of codes due to the advances in computer 
science

International cooperation focused on harmonisation of safety requirements 
and safety assessment urgently needed
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KIT: 
One Institution, two Missions: Research and Teaching

KIT Campus North
10     Programs
21     Large institutes

3 700     Staff members
300     Staff involved in teaching

KIT Campus North
10     Programs
21     Large institutes

3 700     Staff members
300     Staff involved in teaching

KIT Campus South
11     Faculties

120     Institute
4 000     Staff members

18 500     Students

KIT Campus South
11     Faculties

120     Institute
4 000     Staff members

18 500     Students

| Dr. V. Sanchez | Global 2011  12.12- 16.12.2011  Tokyo      

Thank You Very Much for your Attention


