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ABSTRACT

The performance of coated fuel particles is essential for the development and
deployment of High Temperature Gas Reactor (HTGR) systems for future power
generation. Fuel performance modeling is indispensable for understanding the physical
behavior of fuel particles and achieving their high reliability during operations and
accidents through a guided design process.

This thesis develops an integrated fuel performance model of coated particle fuel to
comprchensively study its mechanical behavior and define an optimum fuel design
strategy with the aid of the model. Key contributions of the thesis include a pyrocarbon
layer crack induced particle failure model with a fracture mechanics approach,
mechanical analysis of particles with better representation of irradiation induced creep, a
proposed fuel optimization procedure, the capability to simulate arbitrary irradiation
histories, and the incorporation of Monte Carlo sampling to account for the statistical
variation of particle properties.

Stress calculations in this model were benchmarked with the FUEL code and finite
element calculations of Idaho National Engineering and Environmental Laboratory
(INEEL) and with model predictions for High Temperature Test Reactor (HTTR) first-
loading fuel. Fuel failure predictions were made for New Production-Modular HTGR
irradiated fuel capsules, which show good agreements with experiments. Based on the
simulations, it is suggested that in most cases the pyrocarbon crack induced fuel failure
mechanism plays a much more important role in fuel performance than the more widely
accepted pressure vessel fuel failure mechanism. After the establishment of the model,
parametric study was conducted to find out the effects of various input variables on fuel
performance, and fuel design and optimization procedure was proposed accordingly.
Simulations with optimized fuel configurations demonstrate that superior fuel
performance can be achieved with model analysis. The model also prepares interfaces for
further improvements on various modules upon arrival of new information.

Thesis Supervisor: Ronald G. Ballinger
Title: Associate Professor of Nuclear Engineering and Materials Science and Engineering



Acknowledgements

I would like to express my gratitude to the Nuclear Engineering Department at MIT
for giving me the opportunity to pursuing my study as a graduate student. MIT is not only
my dream school which presents the best academic atmosphere and top-notch scholars
and students, but a place filled with challenges and live examples of achievements. I have
received solid education and training through my Ph.D. program since 1998, and more
importantly, I developed the positive mental attitude in the course of success and failure,
with the true beliefs in diligence, tenacity, and initiative.

I am very lucky to have Prof. Ronald G. Ballinger and Prof. Sidney Yip as my thesis
advisors. With their mentoring and supervision, I learned a lot in my journey at MIT and
enhanced my understandings of physics and engineering, which are strongly correlated
but different. The different viewpoints of two disciplines enable me to generate insights
into the jssues and problems I am faced with. Without the instruction and support from
my advisors, 1 would not have grown to who I am today. I would like to thank Prof.
Mujid Kazimi and Prof. Andrew Kadak for many advices and suggestions.

I would like to thank Idaho National Engineering and Environmental Laboratory
(INEEL) for supporting me for four years with research assistantship, and thank Dr.
David Petti and Dr. Gregory Miller for valuable discussions, exchange of information,
and help on the fuel performance modeling for High Temperature Gas Cooled Reactors. [
thank Nuclear Regulatory Commission (NRC) for the financial aid. Also I must thank my
colleagues, Heather Maclean, Jeongyoun Lim, Tieliang Zhai, and Chunyun Wang, for
their generous support and collaborations.

I feel so blessed to have such a wonderful family and get to know a group of best
tfriends at MIT. My parents and grandparents cultivated me into appreciating the beauty
of science, and they are always standing by my side with love and encouragement. My
genuine friends are the second family to me. Without their support when 1 was in
hardship and disappointment, many things would have been much tougher to me. Finally

I am thankful for the life at MIT, where I met my fiancé.



Table of Contents

Chapter 1. INtroduction.... e seisensssissssissesssssssssesnsssasssssssisacssoes 18
1.1. Overview of High Temperature Gas-cooled Reactors...........cccccconiiiiniiiniicccinnes. 18
1.2. Coated Fuel PartiCles ....... .ottt et ta e 22
1.3. Coated Fuel Particle Failure Mechanisms .........c.coocoooreiiiiniiini e 26
1.4. Problems and Challenges in Fuel Performance Modeling............cccociniiiveninnn. 29
1.5, ThesiS OBJECHIVE.....uiiiiiiieii ettt et et re et s b b s s ese et eens e e e eares sneeans 31
Chapter 2. Development of the MIT Fuel Performance Model...........ccevccvernirinnee 33
2.1. The Required Components in a Fuel Performance Model for HTGRs ................... 33
2.2. Fission Gas Release Model..........ocooiiiiiiiiicni e 35
2.3. Thermal Model for Pebbles and Particles.............coocoiiiiiiiiiiiee 40
2.3.1. Gas Temperature Distribution and Pebble Surface Temperature ................c........ 42
2.3.2. Pebble Temperature Distribution...........ccccoeeiiiiiiiiin e 44
2.3.3. Particle Temperature DistribUtion........c..coeiieviirieinirie et 46
2.4, Mechanmical ANalysis... ... e e 61
2.4.1. Bacon Anisotropy Factor (BAF) ..o esisenenes 61
2.4.2. Elastic Response of Pyrolytic Carbon (PyC) and Silicon Carbide (SiC).............. 65
2.4.3. Irradiation Induced Dimensional Changes in Pyrolytic Carbon (PyC) ................ 69
2.4.4. Irradiation Induced Creep in Pyrolytic Carbon (PyC) ... 82
2.4.5. Thermal Expansion of Pyrolytic Carbon (PyC) and Silicon Carbide (SiC)......... 84
2.4.6. The Formulation of Mechanical Analysis..........cccoiviiiiiiii e 88
2.5. Mechanical Fuel Failure Model........ccciiiiiiiiiniiinnionn e, 97
2.5.1. Pressure Vessel Model and Weibull Strength Theory ... 97
2.5.2. Crack Induced Fuel Failure Model (CIFM)..........coovivinnniiiiiic e 102
2.5.3. Fuel Particle State DIagram .........ccoccoviiieiiiriiie it 111
2.6. Simulation of Refueling Scheme in Pebble Bed Reactors.........oooovvvveeiiiiiccnen, 113
2.7. Monte Carlo Sampling of Particle Dimensions and Materials Properties.............. 120
2.7.1. Normal (Gaussian) DiStribution............coccoiiiiriiiiii e 122



2.7.2. Triangular DIstribUtion .........cccooiriiiii e 124

2.7.3. Welbull DistribDUtION ...ccc.ooiiiiiiiii et 126
Chapter 3. Benchmarking the MIT Fuel Performance Model.............cociuvninnnians 128
3.1. Benchmarking with Other Model Predictions ..................cccooooiiiiiiiiiieeee 129
3.1.1. Stress Comparisons with FUEL Code .........ccccovviiiiiiiiiiee e 129
3.1.2. Stress Comparisons with Finite Element Calculations by INEEL .................... 132
3.1.3. Stress Comparisons for HTTR First Loading Fuel..........ccocoovveiiieiicieice. 135
3.2. Benchmarking with NPR Experimental Results............cccocociiiiiiiinnniinnnienn 137
3.2.1. Review of NPR Irradiation Program.........c..ccvcvieieciieireeiesciece e ceeeeeee e 137
3.2.2. Simulations with Different Irradiation Histories ...........c.ccccoeiiieiiiiieiecciecne. 143
3.2.3. Simulations with Improved Crack Induced Fuel Failure Model ....................... 155
3.2.4. Further Discussion of NPR Irradiation Results ............cccccooiiiiininnnc e, 160
Chapter 4. Optimization of Fuel Particles Using the MIT Model.......................... 164
4.1. Parametric StUAY .....ococcriiiiiii et eb e e e 164
4.1.1. Perturbation ANalySiS........ccioeiiiiiiiie e et 165
4.1.2. Parameter Inter-dependency Study ........ccoooiiiiiiiiiiii i, 178
4.2. Proposed Optimization Procedure ...........occoovvivrinniini e 183
4.3. Simulations in MPBR with Optimized Particles ............ccccooovvieiicviceee e 185
4.3.1. Simulations of LEU-TRISO Fuel in MPBR environments ..............cccccceueenennn. 186
4.3.2. Simulations of Optimized Fuel in MPBR environments............ccoccovereniereeninn. 193

Chapter 5. Linking Material Properties to Manufacturing Control Parameters. 200

5.1. Mechanisms of Pyrocarbon Formation in Fluidized Bed ............ocooovieiiee. 200
5.2. Characterization of the Structure of Pyrocarbons.............c..cccoviiiiiineicceene, 202
5.2.1. Characterization by X-ray Diffraction..........c..cccocovrieniiievi e 202
5.2.2. Characterization by the Microstructure of Pyrocarbons ...............cccoeeeiiiiinnnn. 203
5.3. Relation between Pyrocarbon Structure and Deposition Conditions..................... 205
5.3.1. Deposition in Fluidized Beds from Methane ...........cccocoiiiiieiiiiiiicinceei 205
5.3.2. Deposition in Fluidized Beds from Other Hydrocarbons .............cccceeevicveennnn. 208
5.4. The Microstructures of Pyrocarbon ...........c.oooooeiiiiecieeeeeeeeeeeee e, 209
5.4.1. Deposition at Low Temperatures (900 - 1400°C) .....cc.ocoovicieviiiiiere e 210

5.4.2. Deposition of Isotropic Pyrocarbons at Intermediate Temperatures (1400 -
LO00CC) .ttt b e bt e ettt eans 211



5.4.3. Deposition of Granular and Columnlar Pyrocarbons............cccvvvinnniinins 212

5.5. Relation between Pyrocarbon Structure and Properties........cooovveeinncnnininnnis 213
5.5.1. Mechanical Properties of Pyrocarbons ... 213
5.5.2. Irradiation Induced Dimensional Changes in Pyrocarbons ... 215
5.6. Recommended Material Properties and Coating Conditions..........cccooeiinncnnn 219
Chapter 6. Discussions and Future WorkK... e voninicnnennesesccenees 222
6.1. Discussions and Recommendations.........ociviniirriimercsmniienn s e 222
6.1.1. Chemical Models ........oceereeirimniiiiinieeiee SV P PRTOURRN 222
6.1.2. Extensions to Mechanical Models .........ccccceciniiinnniniiinine e 224
6.1.3. Transient and Accident Conditions.........coccoiiiiiimiieee et 226
6.1.4. Other ConSIdEratiONS .......ccivivviieiererieeeeereeree s resisesssr s sassbessaa e asesiransssssssaesssanes 227
6.2. Conclusions and Future Work ........c.oceiieiiiiciiiimiini et 228
Appendix A.  Stress Analysis on the TRISO Fuel Particle.....uiiiienienrnsenes 230
A.1. The Analytical Solution of Mechanical Stresses, Strains, and Displacements in the
TRISO FUC PATTICIE ..ottt er s ran e ra s b e v e 231
A.1.1. Dense Pyrolytic Carbon Layers (IPyC and OPyC)....cocooiiiiiiiiniiiiiiinn 232
A.1.2. Isotropic Silicon Carbide Layer (SiC) ...covvreiiiiininiienii e 238
A.1.3. Closed Form Solution at v 0f 0.5 ..ot 238
A.2. The Analytical Solution for Thermal Stresses, Strains, and Displacements in the
TRISO FUel PArtiCle.......coivieetieiiriitesiaeeceiceee s e cees i ssss st s rnse e e nses s 240
A.2.1. Dense Anisotropic Pyrolytic Carbon Layers (IPyC and OPyC)......cooovciiiis 241
A.2.2. Isotropic Silicon Carbide Layer (SiC) ...cocovieirimiennncnnccciiene 242
A.3. Applying Boundary Conditions to Various SCENArios.......c.ue ey 243
A3.1. Intact Fuel Particle ...........coovoiiiiiiieee st 243
A.3.2. IPyC Failed Particle .......ooovvemroiicicc s 243
A.3.3. OPyC Failed Particle.........covvienenriemeieeniiii s 244
A3.4. SiC Failed PArticle ...t en et s 244
A.3.5. IPyC and SiC Failed Particle .........cc.cooiviiimimneiiincni s 244
A.3.6. OPyC and SiC Failed Particle........oooiimei 244
A.3.7. IPyC and OPyC Failure Particle ........oooeiieeniiiiiiieinee 244
Appendix B.  Improved Cracked Induced Fuel Failure Model.......ccreeeiciincnnnnas 246
B.1. Crack Opening Displacement .............ccccoiiirmiioieiinene e 246



B.2. After-Crack Stresses and Strains ..........c.coeovvroiier e 248
B.2.1. Configuration C .......ccoooiiiiiiici ettt 248
B.2.2. Configuration C’ 2 C due to interfacial Stress .....ccocoorveciieeecriciecvee e 249
B.2.3. A Crack In OPYC Layer ..ot 252
B.2.4. Post-Crack Stress Development due to Further [rradiation..............c................ 253
Appendix C.  Fuel Performance Modeling Code - TIMCOAT .........ccocercvemrarense 254
C.1. General DesCription ........cccoeuiioviviiiiiriei et 254
C.2. Module DEeSCIIPLION «.c.coeeeeeiiieici vttt vt vaa bttt re s ee e eeeeneas 254
C.2.1. Mechanical ANalySIS .....couciioiiiiiiiiiicce ettt a e e v 254
C.2.2. Thermal ABALYSIS .....ccoviiiuiiicee ettt 261
C.2.3. Fission Gas Release ....ccooviiiciiiie e 261
C.2.4. Material Properties.........coiiiiiiiiii ettt 262
C.2.5. Fuel Failure Evaluation..............ccoooveioiiinis e, 264
C.2.6. Monte Carlo SamPlnNg......cccoeriieiiieicee e r e s 265
C.2.7. Error HandlIng ......c.oooiiiiiii et 266
C.3. Code EXCCULION ...ttt ettt ee et sb b e 266
C.3.1. The General Input File ...o.oooo i 268
C.3.2. SImulation TYPE.....ccervireeeir et e 270
C.3.3. Output Control ..ot e 272
Cd. SAMPIES .ttt ettt 273
C.4.1. Input File for Nominal Type 1 Particle in Section 2.4.6........cccceoeiernrerinrnnnanne. 273
C.4.2. Input File for NPR2-A4 Particles — 1,000,000 CaS€S .....ccocveerreevireereeeereeenenns 275
C.4.3. Input File for Pebble Bed Power Distribution .........c.cccoevvevciiiiciiieeece 277
C.4.4. Input File for NPR1-AS Irradiation HiStOTY .....ceovviviciviiiiiicinieireieaviee v, 278
C.4.5. Output File for NPR1-A8 Particles — 1,000,000 CaSes ....ccvvevvvevviinviiiis e 279
C.4.6. Output Debug File for NPR1-A8 Particles — 1,000,000 Cases.......c.ccoovvrerrnnne. 282
C.4.7. Output Irradiation History in MPBR2 for LEU-TRISO Particles...................... 284
C.4.8. Output Tangential Stresses in a LEU-TRISO Particle in MPBR2 ..........cccu....... 287
RELEIENCES ... ettt 290



List of Figures

Figure 1-1. Schematic of the pebble bed fuel system (courtesy ESKOM, South Africa) 19
Figure 1-2. Schematic of the prismatic fuel system (courtesy General Atomics) ............ 20
Figure 1-3. Micrographs of coated fuel particles (from K. Sawa and K. Minato [4])...... 22

Figure 1-4. Schematic diagram of laboratory scale fluidizing furnace (from Huddle et al.

Figure 1-5. A metallographic photo of a TRISO UO2 particle with kernel migration after
irradiation (from Ketterer and Myers [19])....ccooceiiiiiiiin 27
Figure 1-6. Metallographic cross sections of representative TRISO fuel after irradiation.

Degradation of SiC resulted in excessive metallic fission product release

(from Gulden et al. [237]).ccccmi s 28
Figure 2-1. The flowchart of a fuel performance model...........ccccoooiinnii, 34
Figure 2-2. The fractional fission gas release .........oovoiriiniiciieinn s 37

Figure 2-3. The fission gas pressure in TRISO coated particles (symbols for clarity)..... 40
Figure 2-4. Schematic of thermal analysis in pebble bed reactor system.............coccooc... 41
Figure 2-5. Thermal conductivities of unirradiated and neutron-irradiated pyrolytic -
silicon carbide, deposited at 1400°C, as a function of measurement
temperature (from Price [32]) ..o 51
Figure 2-6. Comparion of calculated thermal conductivity for perfect crystal B-SiC with
experiments at various temperatures. The circles are experimental results from
Taylor et al. [34], the dashed line being its spline fit. Experimental results
from Senor et al. [35] are plotted in crosses. The stars are calculated results.
(From Lietal. [337]) oot 52
Figure 2-7. Thermal conductivity as a function of temperature. Experimental values for
perfect crystal are plotted in dashed line. Results from calculations: perfect
crystal ( * ), 0.5% concentration of carbon vacancy ( + ), 0.5% concentration

of carbon antisite ( x ), 0.5% concentration of silicon vacancy ( ° ). (From Li

B AL [33])crerieieeeee e e e e 53



Figure 2-8. Thermal conductivities of fuel related materials (symbols for clarity).......... 54

Figure 2-9. Pebble and particle temperature distribution (Case P1C1)........cocooovvvevinn. 56
Figure 2-10. Pebble and particle temperature distribution (Case P1C2) .........cococveeeen.... 56
Figure 2-11. Pebble and particle temperature distribution (Case P1C3) ......cocovevceennnn. 57
Figure 2-12. Pebble and particle temperature distribution (Case P1C4) .........ccocvvenennn... 57
Figure 2-13. Pebble and particle temperature distribution (Case P2C1) .......cccocveeeveee. 58
Figure 2-14. Pebble and particle temperature distribution (Case P2C2) ........cccoveueenn... 58
Figure 2-15. Pebble and particle temperature distribution (Case P2C3) ......ccccevivvernennee 59
Figure 2-16. Pebble and particle temperature distribution (Case P2C4) .........ccocovvennc.... 59
Figure 2-17. Schematic diagram of a turbostratic crystallite (from Bokros [40])............. 62
Figure 2-18. Pole figures for a random carbon sample and an oriented sample............... 63
Figure 2-19. Young’s modulus of dense PyC versus fast neutron fluence....................... 67

Figure 2-20. Schematic of irradiation dimensional change mechanisms in PyC (hexagonal
bars represent graphite growth features, and circles represent vacancies and
AETECES) ..ttt a s 69
Figure 2-21. Dimensional changes of isotropic pyrolytic carbons during irradiation at
1000°C; (a) low density carbon, (b) high density carbon. Abscissas in (a) and
(b): fast neutron fluence in 10*'n/em” E > 0.18 MeV. (from Kaae [58])........ 71
Figure 2-22. Variation of the as-deposited BAF with coating rate, reproduced based on
Figure 1 from Kaae [47] and added two curves for p=1 .96g/cm3 and
p=1.00g/cm’ for INtErpOlation PUIPOSES.....ccvevierierirtieeieeeeeeeeeeee e eaeeeeieeeere e 72
Figure 2-23. Constructed irradiation induced dimensional changes versus density for PyC
irradiated at 1100°C t0 3.7 107 /G’ w....oooooo e 74
Figure 2-24. Irradiation induced dimensional changes of PyC of density 1.96g/cm’
irradiated at 600°C (symbols for clarity) .....c..coooeeeoeeeeceiiie e, 78
Figure 2-25. Irradiation induced dimensional changes of PyC of density 1.96g/cm’
irradiated at 1032°C (symbols for clarity) ........cccomvieeeiciiiiiciecicceeeceee, 79
Figure 2-26. Irradiation induced dimensional changes of PyC of density 1.96g/cm’
irradiated at 1350°C (symbols for clarity)..........ccccoevveeeiieececeeeeeea 79
Figure 2-27. Poisson’s ratio in irradiation creep as function of effective creep strain (from

KA8E [06]) - et 83

10



Figure 2-28. Creep coefficient of pyrocarbon as function of temperature and density
(SYmbols fOT Clarity)......corvmrmrriieeriiii 84
Figure 2-29. Thermal expansion of the graphite crystal in the a and ¢ directions (Solid

line: experimental data from Pierson [67]; squares: derived data from Bokros

Figure 2-30. Thermal expansion coefficient at 400°C versus preferred-orientation

parameter R for various pyrolytic carbons. At 400°C, a, = 0. (from Bokros

Figure 2-31. Thermal expansion coefficient for B-SiC as a function of temperature....... 87

Figure 2-32. Radial stress distribution in Type 1 particle at fluence of 0.9x10*'n/cm’

(SYMDBOIS Or ClATILY)...c.coiiiecii s 90
Figure 2-33. Tangential stress distribution in Type 1 particle at fluence of 0.9x 10*'/em®

(SYmbOIS FOF CLATIY)....vcrtriiereriiniii e 90
Figure 2-34. Radial stress history in Type 1 particle (symbols for clarity).............c.co.... 91
Figure 2-35. Tangential stress history in Type 1 particle (symbols for clarity) ............... 91
Figure 2-36. Radial stress history in Type 2 particle (symbols for clarity).........cccoceeenv. 92
Figure 2-37. Tangential stress history in Type 2 particle (symbols for clarity) .............. 92
Figure 2-38. Schematic of some stress contributors in a coated fuel particle................... 93

Figure 2-39. Radial thermal stress distribution in Type 1 particle with AT of 1000°C
(Symbols fOr Clarity).....cooeorrie it 96
Figure 2-40. Tangential thermal stress distribution in Type 1 particle with AT of 1000°C
(SYMDbOLS FOr CLATIEY)....evererireeeececs it 97
Figure 2-41. The strength of PyC layers in Type 2 particle at room temperature and zero
fluence (symbols fOr Clarity) ..o 101
Figure 2-42. Radial cracks in the SiC layer near a crack in the IPyC layer (from Hobbins

Figure 2-43. Schematic of a coated particle with instantaneous through-IPyC crack.... 104

Figure 2-44. Driving force available for an edge crack at various depths a/h (from
Hutchinson and SU0 [95]) vveevereeieimiiiiiei s 107

Figure 2-45. Energy release rate for a plane strain crack with the tip in the substrate {from
Hutchinson and Suo [95]) oo 108



Figure 2-46. Coated fuel particle state diagram.................c.ocooiuiomeorioeeeeeeo ) 112

Figure 2-47. VSOP model of a typical pebble bed ractor core...............ococovovevvvovi. 115
Figure 2-48. VSOP setup of two MPBR COTES ......coovevireeeeeeerereeeeeeeeeeoeeeoeeooe 116
Figure 2-49. VSOP calculated power distribution in MPBR2...........cccooovovoi . 118
Figure 2-50. VSOP calculated power peaking factor distribution for MPBR1 ............ 118
Figure 2-51. VSOP calculated power peaking factor distribution for MPBR2 .............. 119
Figure 2-52. A power history and corresponding particle temperature history in MPBR1
(SYMDBOIS fOr ClALITY ). .. oo 119
Figure 2-53. Density of the normal distribution with p of 0 for two values of o........... 122
Figure 2-54. Sampling of fuel kernel diameter with p= 500pum and ¢ = 20um............. 123
Figure 2-55. Sampling of SiC fracture toughness with u= 3500MPa.um'? and o =
530.7MPAUM" ... 125
Figure 2-56. Histogram of the measurements on IPyC thickness of NP-MHTGR
Performance Test Fuel (from Bryan [1107) ....ccoovevrvveeeoeeeecereeeee, 125
Figure 2-57. Histogram of the measurements on OPyC BAF, of NP-MHTGR
Performance Test Fuel (from Bryan [110]) ........cccooooooioeoeeeeeeo 126
Figure 2-58. Sampling of PyC and SiC characteristic strengths............cocooooovoovoovn. 127

Figure 3-1. Stress Comparison for Type 1 particle (symbols for clarity. T = 1000°C, PyC
density = 1.90 g/cm’, and PyC BAFg = 1.03.) oo ovooooeooeooooeoooo 130
Figure 3-2. Stress Comparison for Type 1 particle (symbols for clarity. T = 1300°C, PyC
density = 1.80 g/cm®, and PyC BAFg = 1.0.) c.rvveovoeooorooeoeeoeoeoooooo 130
Figure 3-3. Stress Comparison for Type 1 particle (symbols for clarity. T = 600°C, PyC
density = 1.99 g/cm’, and PYC BAFp=1.08.) .. eeo oo 131
Figure 3-4. Stress Comparison for Type 2 particle (symbols for clarity. T = 1000°C, PyC
density = 1.90 g/cm’, and PyC BAFg = 1.03.)w.cvvoeooovoeoooeoooeoooee 131
Figure 3-5. Tangential stresses at IPyC inner surface of Case 1 (symbols for clarity)... 134
Figure 3-6. Tangential stresses at IPyC inner surface of Case 2 (symbols for clarity)... 134
Figure 3-7. Comparison of predicted stresses in a HI'TR first loading fuel particle
(SYmDbOIS fOr ClArTLY)....covoverieoeectee e 136
Figure 3-8. Schematic of NPR1A Capsule (from Hobbins et al. [88]).........oocvvververrnnn... 140
Figure 3-9. Schematic of NPR1 and NPR2 Capsules (from Baldwin et al. [118])......... 142

12



Figure 3-10. Irradiation temperature histories for selected NPR compacts (1).............. 144

Figure 3-11. Irradiation temperature histories for selected NPR compacts (2) .............. 144
Figure 3-12. Burnup versus fast neutron fluence for selected NPR compacts (1).......... 145
Figure 3-13. Burnup versus fast neutron fluence for selected NPR compacts (2).......... 146

Figure 3-14. Cross section view of the HFIR core at the horizontal midplane (from
BaldWin et al. [118]) covv.eeeueerreeeeeeeeeeseeeseseoessessesesseeseessressssseenesreseseesseensenne 146

Figure 3-15. Stresses in four PIE examined NPR compacts (1) (symbols for clarity) ... 150

Figure 3-16. Stress in four PIE examined NPR compacts (2) (symbols for clarity) ...... 150

Figure 3-17. Particle failure history for NPR1A-A9 ....ccooiiiiiiii e 151
Figure 3-18. Kr**™ R/B for NPR1 capsule (Part I) ..........cooeooeeroouorireeereereesereeereenreseonnes 152
Figure 3-19. Temperature histories for compact NPR1-A8...........cc oo 154
Figure 3-20. Predicted particle failure histories for compact NPR1-A8 (symbols for

o] Vo L OSSOSO 154
Figure 3-21. Kr*>™ R/B for NPR1 capsule (Part 1) .........c..coocovvreeemveiesreeneeererosseressre. 156

Figure 3-22. Stress concentrations in some failed particles in compact NPR1-Al
(Symbols fOr ClAritY)..ccovoeccieiieeci e 160
Figure 3-23. The dimensionless driving force for various cracking patterns in film-
substrate system, assuming each material is elastically homogeneous, and the
substrate is infinitely thick (from Hutchinson and Suo [95]) ....ccvveeennne 162
Figure 3-24. Morphology of the SiC layers in U.S. particle (left) and German particle

(right) (from Saurwein and Schilling [124]) ..o 163
Figure 4-1. Stresses in structural layers versus fuel kernel diameter............................. 166
Figure 4-2. Stresses in structura) layers versus buffer thickness .........c..ccccooocriinnernenes 167
Figure 4-3. Stresses in structural layers versus IPyC thickness..........cocooveriveinnnicnnn 168
Figure 4-4. Stresses in structural layers versus OPyC thickness .............ccccovicvenieennnns 168
Figure 4-5. Stresses in structural layers versus SiC thickness.........ocoovcvvinimncenninnens 170
Figure 4-6. Stresses in structural layers versus IPyC BAFq......cccooooioiiiiiciiieeees 171
Figure 4-7. Stresses in structural layers versus OPYC BAFg.....coovviveiiei e, 171
Figure 4-8. Stresses in structural layers versus fuel kernel density ..........ocoooovevvieenennn. 172
Figure 4-9. Stresses in structural layers versus IPyC density .......cccoceeveoinnncnincncnnn. 173
Figure 4-10. Stresses in structural layers versus OPyC density......c.c...covvevninineeinncennnn 173

13



Figure 4-11. Stresses in structural layers versus irradiation temperature ...................... 174
Figure 4-12. Stresses in structural layers versus ambient pressure. ..o, 175
Figure 4-13. Stresses in structural layers versus U>* enrichment (symbols for clarity) 176

Figure 4-14. Maximum IPyC stress as a function of kernel diameter and buffer thickness

Figure 4-15. Maximum IPyC stress as a function of IPyC BAF, and IPyC density ...... 180
Figure 4-16. Maximum IPyC stress as a function of IPyC thickness and SiC thickness 181
Figure 4-17. Maximum IPyC stress as a function of IPyC thickness and temperature .. 181
Figure 4-18. Maximum IPyC stress as a function of temperature and OPyC BAF, ...... 182
Figure 4-19. Fast neutron fluence received by a nominal LEU-TRISO particle in MPBRs

....................................................................................................................... 187
Figure 4-20. Bumnup of a nominal LEU-TRISO particle in MPBRS .........ovvovoovoooe ) 188
Figure 4-21. Power histories of a nominal LEU-TRISO particle in MPBRs.............. 189
Figure 4-22. Temperature histories of a nominal LEU-TRISO particle in MPBRs........ 189
Figure 4-23. Tangential stresses of a nominal LEU-TRISO particle in MPBRs............ 150

Figure 4-24. Irradiation induced dimensional change rates of PyC layers in MPBR2... 191

Figure 4-25. Failure developments of LEU-TRISO particles in MPBRS........................ 192

Figure 4-26. Tangential stresses of an optimized particle and a LEU-TRISO particle in
MPBR2 (Stresses at the centers of layer thickness are given. ‘DS’ means

designed specified fuel, ‘OP” means optimized fuel; ‘eff’ means effective

TEIMPETALULE. ) ...eiveitiiicee ettt te e 194
Figure 4-27. Radial strains of an optimized particie in MPBR2........cocooovvooo 195
Figure 4-28. Tangential strains of an optimized particle in MPBR2 .........oovoooooo, 195
Figure 4-29. Radial displacements of an optimized particle in MPBR2 ....................... 196

Figure 5-1. Microstructures of pyrolytic carbons deposited in fluid beds: (a) columnar
400x (from Bard et al. [137]), (b) granular 240x, (c) laminar 120x, and (d)
isotropic, 240x. Polarized light. (from Bokros [40]) .........cccccoevverrovrern.. 204

Figure 5-2. Diagram relating four coating parameters, the bed reactions, the coating rate,

and the structure of the pyrocarbon deposited (from Bokros [40]) .............. 205

14



Figure 5-3. Diagrams showing the relationship between the structure of pyrocarbon and
its deposition conditions: (a) microstructure, (b) apparent crystallite size, (c)
anisotropy factor, (d) density (from Bokros [135]) c.c.cooveeiiiiieieeeeeeen. 206
Figure 5-4. Bacon anisotropy factor versus deposition temperature for bed areas of 400
and 2000cm?; (a) 40% methane in helium; (b) 11% methane in helium. (from
BOKIOS [135]) ittt sttt 208
Figure 5-5. Idealized schematic diagram of carbon deposition at 1400°C. (a) low methane
concentration and large bed area; (b) high methane concentration and large
bed area; (c) high methane concentration and small bed area (from Bokros
[135]) et e e eeee s en e ee e s s 211
Figure 5-6. Diagrams relating mechanical properties of pyrocarbon to deposition
conditions; deposits were prepared in a 2.5cm diameter coater using a 400cm?
initial bed area (from Bokros and Price [148]) .....cccvvvevrveiiciieieiie i 214
Figure 5-7. Plots of dimensional change versus preferred orientation, (a) carbons
irradiated at 510°C to an exposure of 3.8x10*' n/cm?* (E>0.18MeV), (b)
carbons irradiated at 1040°C to an exposure of 2.4x10*'n/cm? (E>0.18MeV)
(from Bokros and Price [153]) ..o 217
Figure 5-8. Comparison between experimentally observed length changes and those

calculated from eq. (5.12). Irradiated at 710°C to 2.2x10%'n/cm?

(E>0.18MeV) (from Castle Jr. [155]) ceieereieiieieeeecereeece et 219
Figure 6-1. Irradiation induced expansion of SiC as a function of irradiation temperature

(fluences between 0.3x 107" n/cm? and 5x10*'n/cm?) (from Price [7]).......... 224
Figure 6-2. Irradiation HRB-21 fuel particle with catastrophically failed OPyC and PPyC

(from Leikind €t al. [166]) ..cocvveerieiiieiiieeee ettt 225
Figure A-1. Sketch of an intact TRISO fuel particle .........cceoeeerieiiccvivecrins e, 230
Figure B-1. The schematic of an IPyC cracked TRISO particle..........ccocoeeeevicrerirernee. 246
Figure C-1. TIMCOAT input file dialog ......ccccceiveiiiriiciiieieeee e et 266
Figure C-2. Block diagram of TIMCOAT €ode ......coeuveeeiieeecceeeeeeeeee e, 267
Figure C-3. Simulation type selection dialog ...........ccoeveeieeeieeiieeeeeeee et 271

15



List of Tables

Table 2-1. Input parameters for internal pressure calculation ... 39
Table 2-2. Helium properties as a function of temperature .............c.cccocoieiiiiininininie 44
Table 2-3. Boundary conditions for pebble temperature calculation...........c..cccooeeecn 45
Table 2-4. Boundary conditions for particle temperature calculation ..........c.cevvecvernenes, 47
Table 2-5. Thermal Conductivity of UO; and UCO ... 49
Table 2-6. Thermal Conductivity of Dense and Buffer Pyrocarbon......................... 50
Table 2-7. Thermal Conductivity of Pyrolytic B-SiC ........ccccoiirimiciiiiniicccecee. 50
Table 2-8. Typical Pebble Bed Reactor Core Parameters.........c..ccoccevieriionnreniecnnecnneee 54
Table 2-9. Dimensions of Particles Used in Thermal Calculations...........ccccccevevivenennee 55
Table 2-10. Case Matrix for Thermal Calculations ............cccccovririeiiieiinnniiiciies 55

Table 2-11. Calculated Thermal Conditions for Two Types of Coated Fuel Particles..... 60
Table 2-12. Young’s Modulus of f-SiC at room temperature..............c.cooeoiiiicinn, 68
Table 2-13. Young’s Modulus of B-SiC v.s. temperature...............cocooiiiiiiiie, 69
Table 2-14. References for Irradiation Dimensional Changes of PyC versus Density..... 73
Table 2-15. Irradiation Dimensional Changes of PyC at 1100°C to 3.7x10*' n/em?........ 75

Table 2-16. Coefficients of the Polynomials for Irradiation Induced Dimensional Changes

of Isotropic PyC at p=1.96@/Cm’ ...........co.cormireeeeeeeeeeceeeeeeeeeeeeeee e 75
Table 2-17. Coefficients of the Polynomials for Irradiation Induced Radial Dimensional

Changes €ir Of PYC at p=1.968/CIN0" ..........coovevereeresrreeeemsssemsesssesessesesaennans 76
Table 2-18. Coefficients of the Polynomials for Irradiation Induced Tangential

Dimensional Changes g;; of PyC at p=1 .96g/cm3 ........................................... 77
Table 2-19. Irradiated BAF for PyC of BAF;=1.05andp=1.9 g/cm3 .......................... 81
Table 2-20. Parameters of Coated Fuel Particles for Stress Analysis......cocovvevvevcriicnicenns 89
Table 2-21. Material Properties of [PyC/OPyC for Thermal Stress Analysis.................. 95
Table 2-22. Fracture Toughness Data for SiC ..o 111
Table 2-23. Specifications of VSOP Modeled MPBR Cores ..........cccooooiniiininciiienns 117

16



Table 3-1. Parameters for Stress Comparisons with INEEL ..........cc.ccocce i, 133

Table 3-2. Parameters of HTTR First Loading Fuel Analysis...........ccoccevceeveeeseeccncennn. 135
Table 3-3. Quality and Performance Requirements for NP-MHTGR Fuel.................... 138
Table 3-4. Specifications and Values of Performance Test Fuel for NP-MHTGR ........ 139
Table 3-5. Key Experiment Parameters for NPR Capsules...........ccooooiiiiiiininnce 139
Table 3-6. Irradiation Conditions for NPR Compacts ........cc.ccceecivvievrecvinmeiveciinieeneennn. 143
Table 3-7. Key Input Parameters for NPR Fuel Particle Modeling............cccccoeeieininne, 147
Table 3-8. Comparison of Model Calculations with PIE Results (PartI) ..................... 148
Table 3-9. Overall statistics for Capsule NPR1 (Part I).......ccccooeeeiiiviieiiiceiecee 153
Table 3-10. Comparison of Model Calculations with PIE Results (Part II) ................... 155
Table 3-11. Overall statistics for Capsule NPR1 (Part I[) .........ccooiiiniiiniinniiciene 157
Table 3-12. Failure types in NPR compacts predicted with CIFM2.....................ccc...... 158
Table 3-13. Parameters of Three Failed Particles in Compact NPR1-Al ...................... 159
Table 4-1. Value Ranges for Input Parameters in Parametric Study ............cccceeceennnne. 165
Table 4-2. Stress Variations in Structural Layers ............ocooeirniiniiciiieeeee e 177
Table 4-3. Stress Changing Direction as Parametric Values Increase..........ccccooceeveenen. 177
Table 4-4. Parameter Inter-dependency Table..........cccoviiiviiiciiniiienre e e 183
Table 4-5. Value Ranges for Input Parameters in Fuel Optimization.............cccceev..ee.e. 184

Table 4-6. Specifications for LEU-TRISO Fuel [128][129]
Table 4-7. Failure Predictions on LEU-TRISO Particles in MPBR1 and MPBR2 ........ 192
Table 4-8. Optimized Fuel Configuration for MPBR2 ... 193
Table 4-9. Failure Predictions for Optimized Particles in MPBR2 ..........c..ccoeeeeen . 197
Table 5-1. Summary of Conditions Favoring Various Structures of Pyrocarbon
Deposition in Fluid Beds ..........coooooiirieiee e 213

17



Chapter 1.

Introduction

1.1. Overview of High Temperature Gas-cooled Reactors

With nuclear energy being a significant contributor in the light of increasing energy
demands of the future, the High Temperature Gas-cooled Reactor (HTGR) has been
drawing attention with the expectation of achieving the goal of a safe, efficient,
environmentally acceptable and economic high temperature energy source for the
generation of e¢lectricity and for industrial process heat applications such as the
production of hydrogen. All HTGR systems feature graphite moderated, helium cooled
cores which utilize ceramic coated fuel particles dispersed in a graphite matrix. The use
of a ceramic core and helium as the coolant permits an increase in the operating
temperature, which benefits the efficiency of the power generating system. HTGRs also
exhibit exellent safety characteristics due to: the high heat capacity of the graphite core,
the chemical stability and inertness of the fuel, coolant, and moderator, the encapsulation
and high retention of fission products by coated fuel particle configurations, the single
phase characteristic of helium coolant, and the inherent negative temperature coefficient
of reactivity of the core [1].

Development of HTGRs began in the 1950s, and both prismatic type fuel elements
(block type reactor) and spherical fuel elements (pebble bed type reactor) have been
employed. Figure 1-1 and Figure 1-2 show schematics of the fuel system for each type of
reactors. The Pebble Bed Reactor (PBR) design uses coated fuel particles that are
approximately 900 pm in diameter embedded in spherical graphite fuel “pebbles”. A
pebble, of approximately 6 cm diameter, contains approximately 15,000 coated particles
within the graphite matrix, as shown in Figure 1-1. For a typical 120MWe reactor core

design, there are approximately 360,000 pebbles. The pebbles, unlike the fuel rods in a
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conventional Light Water Reactor (LWR) which are stationary, move through the core on

a continuous basis during operation.

Fuel Spheres-
{60 mm Diameter)

Half Section

Coated Particle
(0.92 mm Diameter)

Fuel, U0,
(0.5 mm Diameter)

Figure 1-1. Schematic of the pebble bed fuel system (courtesy ESKOM, South Africa)

Partially burned and fresh fuel, when necessary, is added to the top of the core which
has a geometry similar to that of a fluidized packed bed. Fuel pebbles then flow down
through the core region. Upon exiting the core after a particular pass the pebbles are
checked for accumulated burnup and integrity. Based on the results of this analysis a
pebble is either removed from the stream and a new one added or it is recycled to the top
(entrance) of the core for another cycle. Heat is transferred from the fuel to, in most

cases, helium flowing through the core.
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Pyrolytic Carbon
Silicon Carbide

Porous Carbon Buffer

Uranium Oxycarbide

Particles Compacts Fuel Assemb.ly.

Figure 1-2. Schematic of the prismatic fuel system (courtesy General Atomics)

The block type reactor uses a conventional stationary system in which the fuel
particles are embedded in cylindrical fuel “compacts” which are then embedded in
graphite fuel blocks to form fuel assemblies, as shown in Figure 1-2. In addition to fuel,
the fuel blocks also contain cooling passages and locations for absorber and control
material. This type of reactor is refueled by periodic removal of depleted fuel blocks and
the addition of fresh fuel.

A detailed description of the history, joint efforts, and projected developments of
HTGRs is given in an IAEA publication [1]. Here we highlight a few historical events

which are representative or pertinent to the contents of this thesis.
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Early developments of HTGRs were conducted in the UK, Germany, and US. The
Dragon Reactor Experiment in the UK that first operated at power in July 1965
incorporated graphite fuel elements with high enriched uranium-carbide coated fuel
particles. The plant demonstrated successful performance of many components [2], and
served as a productive research tool for the development of helium gas cooled reactors
and advanced fuel particle coatings [1]. In Germany, the 15 MWe Arbeitsgemeinshaft
Versuchsreaktor (AVR), a pebble bed type HTGR, began operation in 1967 and
continued until December 1988. The AVR was the main fuel development tool for the
pebble bed concept. In the US, the helium cooled 40 MWe Peach Bottom (No. 1) HTGR,
operated from 1967 to 1974, provided the majority of experience for the continue
commercialization of HTGR technology.
In the 1980s, the modular HTGR concept was proposed and soon led to substantial
developments in various countries over the past two decades. This concept was attractive
due to its passive safety in addition to the general characteristics of HTGRs [3]. These
features are embodied in the following design concepts.
= The incorporation of spherical coated fuel particles which are able to retain all
radiologically relevant fission products up to about 1600°C.
= The assurance that a maximum fuel temperature of 1600°C is not exceeded during
any accident is achieved by a low power density of 3 MW/m® — 4 MW/m’. Decay
heat during accidents is removed by means of passive heat transport mechanisms,
inciuding conduction, natural convection, and radiation, to simple surface coolers.

»  Small reactor core diameter of about 3m comes from the requirement for reactor
shutdown using only free falling control rods into boreholes in the reflector.

=« Graphite, whose failure temperature is far above 1600°C, is used for core structures
and fuel matrix.

» The single phase noble gas, helium, which is neutral from viewpoints of chemistry

and neutron physics, is used as coolant.
Currently, both experimental and commercial HTGRs are either under development

or being operated, These include the Pebble Bed Modular Reactor (PBMR) being
developed by ESKOM of South Africa, British Nuclear Fuels plc. (BNFL) of United
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Kingdom, the Gas Turbine-Modular Helium Reactor (GT-MHR) being developed by a
consortium of General Atomics of United States, MINATOM of Russia, Framatome of
France, and Fuji Electric of Japan, and test reactors including the High Temperature Test
Reactor (HTTR) developed by the Japan Atomic Energy Research Institute (JAERI) and
the High Temperature Reactor (HTR-10) developed by the Institute of Nuclear Energy
Technology (INET) in Beijing, China. In addition to these reactor development efforts,
R&D programs are being conducted by institutions, national laboratories, etc., within
United States, United Kingdom, Germany, China, France, Japan, South Africa,

Netheriands, Russia, and Indonesia, to address HTGR safety and performance issues.

1.2. Coated Fuel Particles

Various countries have been using the same generic coated fuel particles in the
designs for their HTGRs, though with some differences in fuel materials and coating
structures. As stated above, excellent coated particle fuel quality and performance will be

essential for the development and deployment of HTGRs for future power generation.

Two micrographs of actual coated fuel particles are shown in Figure 1-3.

g 1O, kernel
Buffer laver

Py C lavers

N SiC ayer
SiC laver

Figure 1-3. Micrographs of coated fuel particles (from K. Sawa and K. Minato [4])

The function of the coated fuel particle is to generate energy while containing the

produced fission products. The fuel particle, commonly about Imm in diameter, consists
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of a fuel kernel, typically UO, or Uranium Oxy-carbide (UCO), surrounded by a low
density pyrolytic carbon (PyC) buffer layer, and followed by structural coatings of a
triple-layered composite material consisting of a silicon carbide layer (SiC) sandwiched
between dense PyC layers, termed inner PyC layer (IPyC) and outer PyC layer (OPyC).
The resulting particle is called a TRISO fuel particle (tri-isotropic PyC/SiC/PyC

structural layers). Before discussing the manufacturing of coated particles and functions

of the various layers, we talk about the fluidized bad technique briefly.
L)
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Figure 1-4. Schematic diagram of laboratory scale fluidizing furnace (from Huddle et al.
(5D

The use of high temperature fluidized beds to coat fuel microspheres emerged from
several processes which were in vogue in the early 1960s [6] as the standard

manufacturing method. A schematic of a fluidizing furnace is shown in Figure 1-4. The
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particles are introduced into the fluidizing vessel via the feeding tube on top of the

furnace and are fluidized normally in a spouted mode throughout the coating operation by

injecting gas containing gaseous hydrocarbons (in the case of coating pyrolytic carbon) at

the base of the system. The particles in the vicinity of the axis of the coating vessel are

brought into the gas strecam. The gas mixture is heated by the surrounding walls of the

coating vessel, and the coating agent decomposes to form a cloud of nuclei which then

grow in size, collide together, and coalesce before being captured by the particle surface.
We now take a closer look at each part of a coated fuel particle.

(1) Fuel Kemel. The kernel is typically 300 — 600 pm in diameter, and contains UO; or
UCO. During the nuclear fission process, the kernel produces a mixture of radioactive
fission products. Among the fission products there are gaseous species which cause
stresses in the coatings, as well as solid metallic species which chemically interact
with the coatings. The fuel kernel swells with increasing bum-up of the fuel, and
tends to migrate off-center under a sufficient thermal gradient, which is called the
amoeba effect. Because the kernel is the substrate on which the coating layers are
deposited, it is desirable that the fuel kernel should be as spherical as possible.

(2) PyC Buffer Layer. This is the layer that is directly in contact with the kemel.
Conditions in the fluidized bed are arranged to keep the density of this layer in the
range of 0.9 — 1.1 g/em’, compared with theoretical density of 2.26g/cm’® for
pyrocarbon. The porous buffer layer is an absorber of fission recoils and provides free
volume to accommodate fission products and kernel swelling. It also serves as a
mechanical separation between the kernel and the structural coating layers.

(3) Inner PyC Layer. This layer is generally referred to as the IPyC layer, and is the first
of three structural layers. It is usually deposited from a mixture of C;H, and C;Hg at a
temperature of 1300°C in a fluidized bed and has a density of 1.8 — 2.0g/cm3. The
layer forms the first barrier against the fission gas pressure from the fuel kernel, and
resists migration of actinides and fission products. The IPyC layer is a practically
impenetrable barrier for fission gases like Krypton and Xenon and fission product
Iodine, but it becomes increasingly pervious for Cesium and Strontium at higher

(higher than normal operational) temperatures. It performs poorly at stopping Silver.
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(4) Silicon Carbide Layer. The SiC layer is deposited from trichlormethylsilane
(CH3Si1Cly) at approximately 1500°C under appropriate conditions, and has a density
of about 3.20g/cm’, which is very close to its theoretical density. This layer provides
better retention of basically all fission products, therefore assuring that it will remain
intact under all normal reactor core conditions is a key to the success of HTGRs.
Additional attractive features of SiC are its higher mechanical strength than that of
dense PyC layers, and its stability under fast neutron trradiation [7]. However, SiC
has some problems as well that need to be taken into account. At temperatures above
1600°C, SiC will be attacked by Palladium (Pd) and rare earth elements if exposed
for long hours. Also, Cesium and Strontium begin to migrate through intact SiC layer

under such conditions. The fission product Ag''®™

sometimes transports through
intact SiC layer at elevated temperature, and it is believed this process is driven by
diffusion. Recent experimental results suggest that the diffusion assumption is highly

questionable, and Ag'!"

penetrates SiC through a network of micro-cracks induced
by thermal cycling and/or radiation damage in the material. In addition to the above,
at temperatures in the region of 2000 - 2200°C, thermal decomposition of SiC takes
place, which will be discussed further later on.

(5) Outer PyC Layer. This layer is generally referred to as the OPyC layer. It is deposited
the same way as the IPyC layer. This layer protects the SiC layer from being damaged
during the fuel manufacturing processes following the coating process. It also applies
compression onto the SiC layer because of its shrinkage during fast neutron

irradiation, so that the SiC layer is not easily fractured by over-pressurization.

Before fuel particles are mixed with the graphite matrix material and pressed into fuel
elements, an overcoat of graphite matrix material is applied to each coated fuel particle to
prevent them from contacting wit each other (as can be seen from Figure 1-3), and
thereby damaging their coatings during pressing of the fuel elements.

The overall coated fuel particle design has evolved over the years and there have been
several variations in terms of overall structure and fuel and coating materials. Historically
the original coated particle fuel design contained a binary layer system. This “BISO”

particle did not contain a SiC layer and had only one dense PyC layer which was
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deposited on top of the buffer layer [8]. The fuel kernel has been fabricated using a
number of fissile or fertile combinations including UO;, UC,, UCO, ThO,, (U, Th)O,,
(U, Pu)O,, depending upon the applications of the fuel and considerations of fuel
performance. The performance of these types of fuel except for (U, Pu)O, has been
discussed at length by Bullock et al. [9][10]. With respect to the SiC barrier layer, there
has been considerable interest in the properties of Zirconium Carbide (ZrC) in place of
SiC, because ZrC appears to show better retention of fission products and better stability

at very high temperatures [11]{12].

1.3. Coated Fuel Particle Failure Mechanisms

Experience accumulated from extensive irradiation and heating tests and material
properties studies has provided a fundamental understanding of the performance of
TRISO fuel particles and has propelled advances in the modeling of fuel performance. A
considerable body of information on fuel behavior and failure mechanisms has been
compiled [1], [13]-[16], and are summarized below together with newly proposed fuel
failure mechanisms which this thesis and its corresponding model have been studying.
The following is a brief discussion of failure mechanisms. The details of mechanical
failure mechanisms and modes will be discussed later in the fuel failure model Section
2.5 of Chapter 2. Chemical failure mechanisms, which are not the concentration of this
thesis, are discussed in a limited way in this section.

(1) Over-Pressurization Failure. As stated in Section 1.2, fission gases generated from the
fuel kernel will impose pressure on the structural layers and induce tensile stresses in
them. If sufficient tensile stress is created in a particular layer and exceeds the
strength of that layer, it will fail. The internal pressure in a coated particle builds up
as burnup increases, so at high burnup, this type of fuel particle failure may take
place. Most fuel performance models treat this failure mechanism.

(2) PyC Crack Induced Failure. . This is the fuel failure mechanism that will serve as the
model in this thesis and represents a new approach to the fuel failure process. The
modeling of this mechanism is based on a fracture mechanics approach. Its focus is

on the stress concentration in the SiC layer created by a through-thickness crack in
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the IPyC or OPyC layer. The SiC layer can be failed by high stress concentration
even if the far field stress in it is compressive. This failure mechanism is very
different from over-pressurization failure failure and the modeling of this mechanism
represents a new and more realistic approach to the failure process.

(3) Peel-off of Particle Outer Coating. The fuel particles are embedded in the graphite
matrix, which is a type of lower density graphite material compared with the dense
particle PyC coatings. Irradiation leads to relatively high shrinkage of matrix
material, which imposes severe tearing stress on the particle outer coating. If the
binding between the matrix and the PyC coating is strong, the coating may be
damaged. Such coating failures can be avoided by designing the fuel element so that
the coupling between the outer coating of the fuel particle and the surrounding matrix

material is weak [1].

200 um

Figure 1-5. A metallographic photo of a TRISO UO2 particle with kernel migration after
irradiation (from Ketterer and Myers [19])

(4) Kernel-Coating Interaction. This is a specific type of corrosion failure of the SiC
layer due to fuel kernel migration. The mechanism for kernel migration is essentially
a carbon transport cycle on an extremely small scale [17][18]. The process basically
involves carbon oxidation to CO on the hot side of the kernel and transport to the

cooler side. The oxygen released due to carbon deposition on the cooler side finds it
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way back to the hot side either by diffusion through the kemel or by gas transport as
CO;. The net effect is the movement of the kemel relative to the coating layers in the
direction of increasing temperature, as shown in Figure 1-5. Three factors considered
as increasing kernel migration rate are the magnitude of the temperature gradient, the
temperature level, and the oxygen pressure within the IPyC layer. Thermodynamic
calculations and experimental results indicate that the effects of kernel migration and
fission product diffusion are minimized by using a mixed oxide/carbide fuel kemel
[20]. Additionally the maximum fuel temperature and temperature gradient in HTGRs
can be carefully designed to be within limits. For careful designs, kemel migration
and hence kemel-coating interaction is currently not considered to be a significant

contributor to fuel failure.

— —
20 um 100 um

Figure 1-6. Metallographic cross sections of representative TRISO fuel after 1rradiation.
Degradation of SiC resulted in excessive metallic fission product release (from Gulden et

al. [23])

(5) SiC Degradation by Fission Products and Impurities. As stated in previous sections,
fission products like Palladium and rare earth elements may reach the SiC layer and
interact chemically with it, resulting in its degradation and even failure. Additionally,
SiC may be chemically attacked by HCI formed from the coating gas during SiC
deposition [21]. Scheffel and Tang [22] also state that excessive impurity levels of Fe,

Ni, and Cr, incorporated with the kernel during manufacturing, may also corrosively
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damage the SiC layer. Figure 1-6 shows SiC degraded fuel particles, which result in
excessive metallic fission product release (the white ring in the figure is the SiC
layer). To mitigate these effects, proper choice of fuel composition is needed and
excessive introduction of impurities can be excluded by careful fuel fabrication.

(6) SiC Decomposition at High Temperatures. Thermal decomposition of the SiC layer
becomes significant at 2000°C - 2200°C, leading to increasing porosity of the SiC
and ultimate failure. Again this effect can be eliminated by reactor design.

(7) Fabrication defects.

The first three of the above mechanisms link to the mechanical behavior of the fuel
particles, and mechanisms (4) - (6) appear to concern the chemical aspects of them.
Quantitative fuel performance models considering the above chemical fuel failure
mechanisms and the over-pressurization mechanical failure have been developed on the
basis of data from irradiation tests, heating tests, and material properties studies, and
these models are utilized in the design of reactor cores for the purpose of achieving a high
degree of reactor safcty. However, mechanism (2) is the least understood one, and little
modeling work has been done with regard to it. In this research, a PyC crack induced fuel
failure model has been developed using a fracture mechanics approach, and improved
step by step as we gain insights on the corresponding physical process and build
knowledge on how to effectively integrate such a model into an overall fuel performance

model.

1.4. Problems and Challenges in Fuel Performance Modeling

The most important goal in the improvement of the manufacturing process of the fuel
element is to reduce the coated particle defect fraction and to minimize uranium
contamination. The most important goal in the development of a coated particle fuel
performance model is to configure the fuel particles so that a minimum number of them
with intact coatings would experience failures during operation. However, before such a
model can be deployed to optimize fuel particles for best possible fuel performance, the
confidence in the results should be high. Ideally, the model must be constructed to reflect

the correct physics of fuel particle behavior, must be tested and verified against a whole
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spectrum of existing models and irradiation and heating experiments, and accepted by the

HTGR community. Unfortunately, the nature of coated fuel particles results in some

intrinsic challenges and difficulties on the way of establishing a robust and viable model.

These challenges are listed below.

(1) Because the coated fuel particles are tiny and layer dimensions are typically in the
range of 30 — 100 pm, many material properties, such as irradiation induced
dimensional changes and creep coefficient of PyC, elastic constants of PyC and SiC,
and strengths of PyC and SiC, are measured on experimental specimens rather than
the particles themselves. Typically they are obtained from strip samples prepared
from CVD coatings deposited on graphite or sapphire discs levitated in fluidized beds
of particles. This leads to whether the material properties are affected by the
geometry, size and spherical configuration of the particles, and if so, how big a
difference they would make. One can imagine that the strengths of PyC and SiC will
probably be modified by the size of the materials because defects are confined by that
size. Additionally, the experimental data will often exhibit wide variations on many
material properties. In this work we address this problem by sampling the data
variations with statistical distributions so that ensemble behaviors can be revealed.

(2) The first step for a model to evaluate mechanical fuel particle failure is the evaluation
of stresses in a particle based on material properties, the irradiation state, and the
environment the particle is in. We can then determine whether the stresses exceed the
strength of the particle. However, the stresses in a particle are not measurable.
Consequently, we are left to compare our stress calculations with those from other
parties. By doing so, we are able to make sure the mathematical derivations are right,
but have to use experience and engineering judgment on the correctness of
constitutive laws for materials.

(3) Since the ultimate goal of fuel performance modeling is to provide specifications to
fuel manufacturers to make optimized coated fuel particles for certain type of
HTGRs, the correlations between manufacture controlling parameters, such as
fluidized bed temperature, feeding gas composition, gas flow rate, and bed surface
area, and material properties and morphology of pyrocarbon and silicon carbide have

been studied thoroughly in the past forty years. Such work will be summarized in

30



Chapter 5. Although material properties like density and Bacon Anisotropy Factor
(BAF) are considered in all of the fuel performance models nowadays, little
information regarding the microstructure and morphology of materials was
incorporated in those models. If we take a look at pyrocarbons, it is known that
depending on the depositing conditions, pyrocarbons can be columnar, granular,
laminar or isotropic, as will be shown in Chapter 5. A block of granular pyrocarbon
and a block of laminar one may exhibit very similar density and BAF and therefore
modeled the same way in current models, but their different microstructures may
suggest different strengths and dimensional responses under irradiation, which
dictates the actual failure processes. Unfortunately, past experiments were not
designed to reveal such linkages, so fuel performance models in the near term will not
be able to tell fuel failure mechanisms governed by the material microstructure and

morphology.

Nevertheless, what we can do with modeling is to take a physical approach
intrinsically and simulate realistic environments extrinsically based on the current
knowledge of particle fuel behavior and the best set of data available, and benchmark our
model predictions on various levels wherever possible with existing modeling results and
experimental data, which will be detailed in Chapter 3. Meanwhile, we should consider in
advance what improvements could be made in the future and develop the model such that
it can be stretched and enhanced easily later on when more data are available and better
understanding is gained of the fuel performance under normal operating and accident

conditions.

1.5. Thesis Objective

The thesis objective is to: (1) develop an integrated fuel performance model for
coated particle fuel in High Temperature Gas-cooled Reactors to study the mechanical
and chemical aspects of fuel behavior under normal operating conditions, with the
emphasis on mechanical behavior, (2) to use this model to predict fuel failures in

irradiation tests and reactor operations, (3) to use this model to suggest ways to optimize
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the fuel particle to achieve best possible fuel performance in terms of minimizing fuel

failure probability.
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Chapter 2.

Development of the MIT Fuel Performance Model

2.1. The Required Components in a Fuel Performance Model
for HTGRs

Modeling of fuel performance requires that the details of the behavior of an
individual particle be treated. However, in addition to this, it is critical that the
environment in which the particle operates also be properly modeled. This is necessary in
order that proper boundary conditions be established. This model development process
can thus be broken into two major tasks: (1) modeling of the mechanical and chemical
behaviors of the fuel and, (2) modeling the environment the fuel is operating in. Figure
2-1 shows a schematic to explain the components needed for completing the tasks.

Firstly we need to consider factors that contribute to the deformation of a coated
particle. Based on the experience of the industry, these generally include itradiation-
induced dimensional change, irradiation-induced creep, thermal expansion, and particle
internal pressure buildup from fission gases produced from fuel kemels. These
phenomena are functions of temperature, neutron fluence, burnup, and some material
properties, as shown in Figure 2-1, so such dependencies have to be modeled first before
a mechanical model is applied to convert the resulting deformation into stress and strain
distributions in a particle. Meanwhile, a chemical model focuses on the chemical
interactions and interfaces with the mechanical model, because some chemical reactions
produce gaseous species which contribute to the internal particle pressure, and corrosions
may cause thinning and weakening of coating layers. The information obtained above
feeds into a fuel failure model. Mechanically, coating layer strengths and failure
processes should be modeled. Chemically, the resistance of coating layers to chemical

attacks should be modeled. Beside these core components, the variations of particle
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dimensions and material properties are sampled by Monte Carlo technique due to the

statistical nature of the fuel manufacturing process.

Input power & neutron flux distribution

Iy > J\/L

N Particle Samples

Sample a fuel microsphere
(Dimension, density, strength, etc.)

M Refueling Cycles

gy
-

=

Sample a channel in pebble bed reactor core
Sampled particle/pebble flows along a streamline

{} t=t+dt
4
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Calculate T distribution Accumulate fast neutron Fission gas release

in the pebblc_a andin the | fluence and burnup PyC shru?kag_e & creep
particle Chemical issues

&

Mechanical model
(Shrinkage, creep, thermal expansion, pressure)
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Mechanical Chemical (Not Yet)
Pressure Vessel Failure SiC degradation (Pd)
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Figure 2-1. The flowchart of a fuel performance model

34



Secondly, the model should be able to simulate the virtual environment for the
particles. In the case of a prismatic reactor core, the time dependent irradiation history of
a fuel particle can be provided as inputs. However, the pebble bed reactor uses a multi-
pass fueling system, as has been discussed in Section 1.1, in which fuel is cycled through
the bed several times prior to ultimate discharge. Fuel pebbles are extracted from the
bottom of the core and then retumed to the top of the bed, but the location of the fuel
pebble within a single pass is determined in a random manner based on the location of
initial entry into the top of the bed. Thus, the modeling of the pebble-bed system requires
that the flow paths for individual particles (associated with a particular pebble) be
sampled through these cycles, and the local power density and neutron flux a particle
encounters constitute a unique irradiation history for that specific particle. This refueling
scenario is illustrated in Figure 2-1. We notice that the irradiation history for a particle is
unknown beforchand for simulations in pebble bed reactor systems, and the other way
around in stationary prismatic reactor systems, in which the refueling loops in Figure 2-1
need not be executed.

Each component is to be discussed in great detail in the following sections.

2.2. Fission Gas Release Model

The fission gas release model is based on a model developed by the University of
Tennessee (UT) and the Institute for Safety Research and Reactor Technology at the
Research Center in Germany (KFA) [24], which has been used in the code PANAMA to
predict the outcome of German fuel irradiation tests [25]. The procedure is to calculate
the amount of long-lived fission gases like Kr and Xe that are released from the fuel
kemel into the porous buffer layer, as shown in Figure 1-3. The release is described by

diffusion driven transport from a sphere, written mathematically as

5£=22 9o ,,2%) LS. 2.1)
ot r°|or or
where:
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C is the fission product concentration (atoms.m’3),
D is the diffusion coefficient (m?*/s), which is independent of r and depends functionally
only on temperature T,
S is the uniform source of fission product C within the sphere (atoms.m'3-s'l),
independent of radial dimension r and time t.

If initially there is no fission gas in the kernel and buffer layer, and assuming the
value of C on the outer surface of the spherical fuel kernel (r = 1y) is zero at all times,
then the analytical solution of eg. (2.1) is given by [26] as

3w {1V g2
C(r,t)z%(rlz—r2)+ 25, Z( 13) sin(mv}exp( n; Dt) (22)

3
nDriad n n :

The fission product transfer rate at the sphere surface 1s

fission product transfer rate (r =r ) = -Ddnr] (%C:) . 2.3)

We then can calculate the fraction of fission gases that diffuses out of the fuel kernel
during an irradiation time t, by integrating the fission product transfer rate out of the
kemel, and dividing by the total generation of fission products in the sphere over the

same time period, which is

}{— D4nrf(%cﬁ) }dt’
o

£)="—

I[S im*f )dt'
PN

Substituting eq. (2.2) into eq. (2.4) and defining © = Dt/r, eq. (2.4) can be expressed in

(2.4)

a simpler form of

f(‘t __1“_21 exp( nnt (2.5)

n=|
Eq. (2.5) gives the fractional fission gas release during irradiation and it is plotted in
Figure 2-2. If the fuel is irradiated for a time ti (s) at temperature Ti (K) and after
irradiation is heated for time t, (s) at temperature T, (K), it can be shown that the total
fractional release Fy is calculated by [27]

Fd=f’+f“-__(‘r:,.+Ta)f(t,.+ta)—‘|:af(1:a)7 (2.6)

T.

i
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and
1, = DS(T)-t,, (2.7)
1, = DS(T,)-1,, (2.8)

where DS is the reduced diffusion coefficient (s™) of the fission gases in the particle

kernel given by

DS =D/r? with D being effective diffusion coefficient at certain temperature and r,

being the kernel radius.

Tau

Figure 2-2. The fractional fission gas release

DS is a function of the type of particle fuel kernel. For UO; and UCO kemels, DS is
given by [25]

0.8116-10°

log DS = -2.30 - : (2.9)

and for (Th, U)O, fuel, it is [25]

324 0.5460-10°

log DS =-5.94 + : (2.10)
1+0.11/F, T

where T is the temperature (K) and Fy, is the heavy metal burnup (FIMA).
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If there is no annealing involved, it can be seen from eq. (2.6) that Fy is simply f(;).

In addition to fission gases, oxygen atoms are also released during the fission of U
or Pu™. The number of oxygen atoms released per fission (OPF) is calculated based on
empirical relationships derived from mass-spectrometric measurements of CO in
irradiated UO; fuel particles [25]. During irradiation, the equation is [25]
log(OPF) = -10.08 -8500/T, + 2log(¢,), (2.11)
and during heating, it is [25]
log(OPF) = ~10.08 8500/ T, + 2log(t,) - 4.04[(1000/T,) ~1000/(T, + 75)].  (2.12)

For UCO kemel, no Oxygen production is assumed to happen, so

OPF =0. (2.13)
The following equation is valid for (Th,U)O; fuel [25]
log(OPF)=0.96-4420/T +0.4log N + 0.310g F,, (2.14)

where N is the ratio of Th/U®.
The internal gas pressure p (Pa) is determined by the ideal gas law in the following
manner,
pv, =|(F,F, +OPF)F,(v, /v, )RT (2.15)
where:
V¢ is the void volume (m?),
Fris the fission product yield from stable fission gases, Fy= 0.31,
Fyis the heavy metal burnup (FIMA),
V is the kernel volume (m3 ),
Vn is the molar volume of kernel (m3/mol),
R is the ideal gas constant (8.31J/molK), and
T is the temperature (°K).
The molar volume of the heavy metal in a particle kernel is defined by the ratio of the
mass of 1 mole of kernel material to its density.

For UO,, we use

Vo 0.2672kg / mole
" 10960kg / m’

=2.43796x10"m* / mole . (2.16)

For UCO, we use
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_ 0.2682kg / mole

= 7 = 2.50654 % 107°m* I mole . (2.17)
10700kg /m
For (Th,U)O;, we use
_ 0.2645kg / mole —51905x 10~ m* / mole . (2.18)

" 10500kg / m’

Equations (2.5), (2.11) and (2.12) are only valid for isothermal conditions either
during irradiation or during post irradiation heating tests. Therefore for non-constant
irradiation histories, the current version omits consideration of diffusion by assuming
100% gas release from kernels (Fg = 1). Diffusive release is only considered for
isothermal irradiations. Future versions of the model will implement a more
sophisticated fission gas release model that can be used with arbitrary temperature
histories.

Based on the above derivation, we show a case study on TRISO coated particles with
three types of fuel kemels: UO,, UCO, and (Th,U)O;. The input parameters including
particle dimensions are listed in Table 2-1. The gas pressure that applies on the inner
surface of IPyC layer was calculated at the end of irradiation. For simplicity, in this
example the void volume Vyin eq. (2.15) is only given by the buffer porosity (porosity in

the kernel also contributes to the void volume).

Table 2-1. Input parameters for internal pressure calculation

Parameter Unit Value
Kernel Diameter pm 500
Buffer Thickness um 100
[PyC Thickness pum 40
SiC Thickness um 35
OPyC Thickness pm 40
Irradiation Time year 1
Burnup %FIMA 15
Irradiation Temperature °C 600 - 1600
Yield of Stable Fission Gases - 0.31
Buffer Density g/em’ 1.125
Buffer Theoretical Density g/cm’ 2.250
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Figure 2-3. The fission gas pressure in TRISO coated particles (symbols for clarity)

Figure 2-3 shows the fission gas pressure as a function of irradiation temperature. We
see that the pressure in UCO particle is a little lower than in UO, particle because the
OPF is zero for UCO kernel. For (Th,U)0; fuel, the ratio Th/U*** of 10 is assumed. The
gas pressure in this fuel is the highest because the reduced diffusion coefficient for
(Th,U)O; under the setup conditions is higher than UQ, and UCO. The particle internal
pressure can be sufficient to burst the particle at elevated irradiation temperature and very

high burnup, but at modest temperature and burnup, it helps to relieve the stresses

induced by irradiation in structural layers, as will be seen later in Section 2.4.

2.3. Thermal Model for Pebbles and Particles

For any analyses of fuel particles, we always need the temperature information. This

section details how the thermal model for pebbles and particles is formulated and tailored
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to fit into the modeling of fuel performance in pebble bed reactor system, and how it can
be easily applied to block type fuel (pellets) and particles in prismatic reactor systems,
where the treatment 1s simpler.

The thermal calculation, while identical for each fuel system type once the particle
surface temperature has been determined, is very different from the free stream gas
temperature through either the prismatic block to a compact or to the pebble and
individual particle. In a pebble red reactor system, the model needs to be able to calculate
the temperature distribution in a fuel particle at any position in the reactor core and at any

time. Our approach is shown schematically in Figure 2-4.

OPyC [SiC |IPyC| Buffer|Fuel Fuel Kernel

Buffer PyC
PyC

SC

OFyC

T

[
-
 t — b — — 1\ — — . — n —

TCI.

Figure 2-4. Schematic of thermal analysis in pebble bed reactor system
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Suppose we know the power distribution and gas inlet and outlet temperatures of a
system, then we can determine the free stream gas temperature at a pebble’s location.
Using this information and the pebble’s local power, the temperature profile in the pebble
can then be calculated. We then choose a particle we are interested in at a certain location
in the pebble, and calculate the temperature profile in the particle based on the pebble
temperatures we already have and the power of the particle. The mathematical framework
below will follow this path. Power and neutron flux distributions are obtained from a

neutronics code, which will be discussed in Section 2.6.

2.3.1. Gas Temperature Distribution and Pebble Surface Temperature

Given a known power distribution, both axially and radially, within the core, the
helium mass flow rate, and the gas inlet temperature, the free stream gas temperature at

any axial location in the core is calculated as follows:

Tepai(2)=T, + .—q(z)— : (2.19)
My€one

where

Tiq 1s the gas inlet temperature in °C,

q(z) is the total heat added to the system to a height z per second, which can be calculated

knowing the power distribution (volumetric heat generation rate),

my, 1s the helium mass flow rate (kg/s), and
C o 18 the helium specific heat (J/kg-°C).

To connect the Helium bulk temperature with the surface temperature of a pebble, we

use heat convection boundary condition, which is

q "(" phs ): Pe (T pbs 1 tre pulk (Z ))s (2.20)
where

T

s 15 the pebble surface temperature (°C),

rpbs

is the radius of the pebble (m),
q”(rpb.‘_) is the heat flux at the surface of the pebble (W/m?), and

hy,. is the heat transfer coefficient for Helium (W/m?-°C).
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According to the conservation of energy, the energy generated in the pebble transfers out

of the pebble surface, which implies

rn 4 "
4Tcr[?h:q (rph.s')z gnr_;queb > (221)
where

r,, is the fueled zone radius in the pebble (m) (pebbles often have a fuel free region of

about Smm in thickness near the surface, as shown in Figure 2-4), and

q,. is the average volumetric heat generation rate of the pebble (W/rn3).
From eqs. (2.20) and (2.21), we get

" r3
= @ pes ‘_fz_hL + THe,bqu (Z) (2.22)

He

T

phs 2
3 ¥ o

The heat transfer coefficient hye is calculated using the Achenbach correlation for the

Nusselt number, Nu, as suggested by Dobranich [28] as follows:

k
h, = LIPS , and (2.23)
He d
14
25
M%=m$hw&ﬁﬁ+bnmﬁﬁr, (2.24)
where

k,, is the thermal conductivity of the helium (W/m-°C),

d, is the effective pebble diameter (m) calculated by

eh
d, =6—"—, (2.25)

apeb
with V_, (m”)and a peb (m?) being the volume and surface area of a pebble, respectively,

and the Reynold's number and Prandtl number for helium are given by

v, d
Re,, = ielr (2.26)
p’Hc
C
PI'HE — “’He pHe , (227)
kHe
mHe
Vi = , and (2.28)
pHr.'SvAc
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4 = (”pehleeh )hcvre ’ (2.29)
-g,

where

P 4. is the helium density (kg/m’ ),

v, 1s the helium characteristic velocity (m/s),

K. 1s the viscosity of the helium (kg/m-s),

€y, 15 the helium specific heat (J/kg-°C), as defined after eq. (2.19),
m,, is the helium mass flow rate (kg/s), as defined after eq. (2.19),
A, is the core cross sectional area (m?),

€, is the core void fraction (packing factor),

M, 18 the number of pebbles in the core, and

h,,,. is the height of the core (pebble bed height in m).

Some helium properties from Mills [29] are listed in Table 2-2.

Table 2-2. Helium properties as a function of temperature

Temperature C;ﬁiﬁ?}i ty Densit}y Vibscosity
°C) (WineoC) (kg/m’) (10°kg/m-s)
-23.15 0.133 0.1950 17.9
26.85 0.149 0.1624 20.1
126.85 0.178 0.1218 24.4
226.85 0.205 0.0974 28.2
326.85 0.229 0.0812 31.7
526.85 0.273 0.0609 37.8
726.85 0.313 0.0487 433

(Note: the specific heat of helium 1s 5200 J/kg-°C.)

2.3.2. Pebble Temperature Distribution

A typical fuel pebble consists of a fueled region surrounded by a thin unfueled region

at the surface. The fueled region has a radius of approximately 25mm and consists of a

graphite matrix surrounding 11,000 — 15,000 fuel particles. This fueled sphere is

surrounded by a 5 mm thick non-fueled layer of graphite matrix resulting in a fuel pebble
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with a total diameter of 60 mm. If we assume a homogeneous volumetric heat generation

rate in the pebble fueled region ¢}, , then based on energy balance on spherical

geometry, we have

%(rzq}z)= gyt for the fueled region, and (2.30)
%(rzq:ﬁ ) =0 for the non-fueled region, (2.31)

where ¢, and g,, are the heat fluxes in two regions.

We then apply Fourier’s law to link temperature gradient to heat flux [30], which is

dT
T=—k ——
q; i

, (2.32)
where k; is the thermal conductivity of fueled or non-fueled region, and i is a dummy
symbol standing for various cases.

To solve for temperatures, we substitute eq. (2.32) into egs. (2.30) and (2.31) and
apply proper boundary conditions. At the material interface (between the pebble fueled
zone and non-fueled zone) both continuity of heat flux and continuity of temperature

must be satisfied. In addition, the heat flux at the center of the pebble (r=0) must be finite

and the temperature at the pebble surface is 7,,,,

given in eq. (2.22). The boundary

conditions are summarized in Table 2-3.

Table 2-3. Boundary conditions for pebble temperature calculation

Radius Continuity of heat flux Continuity of Temperature
r=90 dq’, /dr=0

r=rg Q}Z("ﬁ)zqu'z("fz) sz(rfz)=Tnfz(rfz)

r= rpbs T(r pbs ) = pr.s'

The temperature at any position in the fuel pebble can be calculated by the following

relationship:

m 3

o | 1 | 1 1 1 1 r?
T (F)=T, + P - + — 1, 2.33
pr() phs 3 {k ,(?’ , J Zkﬁ{ i ( )

for OSrSrﬁ,and
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m 3
otz | 1 (1 1
T (F) =T, + & {k [;—r yit (2.34)

forr, <r<r,, , where

T

phs

1s given in eq. (2.22),
k,. 18 the volume average conductivity of the non-fueled region of the pebble (W/m-°C),

k . 1s the volume average conductivity of the fueled region of the pebble (W/m-°C).

Because the pebble fueled region contains coated fuel particles and graphite matrix
material in between them, the volume average conductivity of the fueled region of the

pebble is estimated as follows:

kfz = VL(kaf +kab +ngg +V[k] +I/SkS +I/{)k() +szmkf:m)’ (235)
£
where

Vi, Vi, Vg, Vi, Vg, Vo, and Vi, are the volumes (m3) of the fuel kernel, buffer, any gas
gap that may form in the fuel particles during irradiation, IPyC layer, SiC layer, OPyC
layer in the particles and graphite within the fuel zone of the pebble, respectively.
Additionally, ks, ke, kg, ki, ks, ko, and kgm are the corresponding thermal conductivities
(W/m-°C). Vg, is calculated be subtracting the sum of the volumes of the particles from
the total volume of the pebble fuel zone, namely,

Viwm =V =1,V s (2.36)

where

1, 15 the number of particles per pebble, and

V e 18 the volume of one coated fuel particle (m?).

2.3.3. Particle Temperature Distribution

For an individual fuel particle the temperatures within individual particle layers can
be determined by knowing the particle surface temperature (from the pebble temperature
at the location of the particle within the pebble), and the volumetric heat generation rate

in the particle. We assume that the temperature is symmetric about the particle center
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which is a simplification since, in fact, there will be a gradient due to the temperature
distribution in a pebble and, indeed, this temperature distribution will also not be
symmetric. However, the effect of this assumption will be minor since the actual
temperature difference from one side of a particle surface to another is on the order of
1°C given the small size of the particle. Similar to the case of a pebble, the governing

equations for a particle are

% (rzq; ) =g, r* for the fuel kernel, (2.37)

Bd;(rzq; ) =0 for all layers in a particle, and (2.38)
. dT

q;=-k, = for the kernel and the layers, (2.39)

where g7 and g’ are the heat fluxes in the fuel kernel and in all layers of a particle, and

k; is the corresponding thermal conductivity of certain material if the equations are

evaluated in that material.
In order to completely solve the system of equations in six layers, the boundary

conditions satisfying continuity of heat flux and temperature are listed in Table 2-4.

Table 2-4. Boundary conditions for particle temperature calculation

Radius Continuity of heat flux Continuity of Temperature
r=10 dqy /dr=0

I=r1g qj("/) q:(rf) Tf(rf)=Th(rf)
r=r ‘Ib(’"b) ‘1;(”1;) Tb(rb)=Tg(rb)
r=r, HARAD Tl )=1.r)
I=1y ‘]1("]) QZ(”J) T/("})=Ts(’})
r=rs qs(rs) qz)("e) Ts(”k\')=T0(rs)
r=ro T, (’” ()) = Tpar.\"

The temperature at any location in a particle is given by
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,  (2.40)
2
SRR N |
s\F 2kj P
for 0<r<r,,
()| L(L L), (1 L) 1 1),
" 3 lko\rs kg \r rg k, fe 4 (2.41)

mr3
7., ()= a7 L[L_L}L(l_i}r}_[l_l) +T e (2.43)
3 kol 1 ko\r, 1 k\r n

forr, <r<r,

m_3
) LA I (R LN R | (2.44)
i 3 \ko\re 1y kilr rg Fer

for r, <r =<vrq,

m_3
gir; 1 (1 1
T or (r)= {_ (- — —H + T (2.45)
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T is the particle surface temperature at the location within the pebble where the

pars
particle resides,

L

q7 is the volumetric heat generation rate in the particle, and

Yis Tys Tgs 115 Fss ¥ are the radii of the outer surfaces of kernel, buffer layer, gap, IPyC

layer, SiC layer, and OPyC layer.

The thermal conductivity data for UO, and UCO, dense and buffer pyrocarbon,
unirradiated and irradiated SiC, and helium as a function of temperature are from El-
Wakil [31], Dobranich [28], Price [32], and Mills [29], respectively, and they are
summarized in Table 2-5, Table 2-6, and Table 2-7. The thermal conductivity for matrix

graphite is given by Kania and Nickel {36] as

k= 47.4(1.0 -9.7556 x 107 (T~ 100)exp(- 6.036x 107 T)), (2.46)
where T is the temperature in °C.
Table 2-5. Thermal Conductivity of UO; and UCO
UO; Thermal UCO Thermal
Temperature . Temperature L
C) Conduct:wty °C) Conductivity
(W/m-°C) (W/m-°C)

92.96 7.79 92.96 25.56
204.07 6.06 148.52 24.35
315.18 4.85 204.07 23.33
426.29 433 259.63 22.53
537.41 3.81 315.18 2193
648.52 3.46 370.74 21.44
759.63 2.77 426.29 21.1
870.74 2.6 481.85 20.8
981.85 2.42 537.41 20.61
1092.96 2.25 648.52 20.46
1204.07 2.08 759.68 20.35
1315.18 1.90 870.74 20.25
1426.29 1.90 981.85 20.2
1537.41 1.90 1092.96 20.02
1648.52 1.90 1300 20.02
1759.63 1.90 1600 20.02
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Table 2-6. Thermal Conductivity of Dense and Buffer Pyrocarbon

T Dense PyC Thermal Buffer PyC Thermal
emperature .. ..
C) Conductivity Conductivity
(W/m-°C) (W/m-°C)
76.85 9.2 23
116.85 7.5 1.88
216.85 6.7 1.68
326.85 59 1.48
456.85 5.4 1.35
556.85 5.2 1.3
1100 52 1.3
1600 5.2 13

Table 2-7. Thermal Conductivity of Pyrolytic p-SiC

Temperature Un-irradiated B-.Si.C . Irradiated B-SiC. Tl}rermal

°C) Thermal Conductivity Conductivity
(W/m-°C) (W/m-°C)

500 39.8 19.9

900 36.5 18.3

1100 35.7 17.9

1300 35.5 17.8

1600 35.5 17.8

(': Unirradiated SiC thermal conductivity values are from Price [32]. 7: Irradiated values
are assumed to be 50% of the unirradiated values.)

Due to lack of data, the thermal conductivities of these materials except for SiC are
assumed to be independent of neutron fluence for the time being. The thermal
conductivity of the porous pyrocarbon buffer layer is assumed to be 25% of that of dense
pyrocarbon [28]. Within the temperature range of available data, a linear interpolation is
used, and beyond the temperature range, no dependence on temperature is assumed, i.e.
the curve is flat. The thermal conductivity of SiC is known to decrease with increasing
temperature with the decreasing rate slowing down at higher temperature. Figure 2-5
from Price [32] clearly shows such a relationship with temperature for B-silicon carbide
made from pyrolysis. An extrapolation in temperature was made in Figure 2-5 by Ho [37]

and the values are listed in Table 2-7.
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Figure 2-5. Thermal conductivities of unirradiated and neutron-irradiated pyrolytic -

silicon carbide, deposited at 1400°C, as a function of measurement temperature (from
Price [32])

Molecular dynamic simulation on perfect B-silicon carbide was performed by Li et al.
[33], and the results compare very well with experimental data at temperatures above
400K, as in Figure 2-6. The plot indicates similar trend with respect to temperature as in
the case of pyrolytic B-SiC. If we convert the unit of thermal conductivity in Figure 2-5
to W/m.K, we will see the thermal conductivities in pyrolytic B-SiC are about 30% of

those in perfect crystal, due to the effects of grain boundaries and defects.
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Figure 2-6. Comparion of calculated thermal conductivity for perfect crystal B-SiC with
experiments at various temperatures. The circles are experimental results from Taylor et
al. [34], the dashed line being its spline fit. Experimental results from Senor et al. [35] are
plotted in crosses. The stars are calculated results. (From Li et al. [33])

Neutron irradiation rapidly reduces the thermal conductivity of SiC. For pyrolytic B-
SiC irradiated at 1100°C to a fluence of 3.8x10?! n/cm? (E > 0.18 MeV), it is reduced by
50% to 70%, depending on measurement temperature [32], as shown in Figure 2-5. The
effects of irradiation was also studied by Li et al. [33] by introducing point defects into
perfect B-SiC crystal, and they show similar reduction in thermal conductivity, as shown
in Figure 2-7. From Figure 2-5 and Figure 2-7, we also find that the irradiated thermal
conductivity is insensitive to the measurement temperature, decreasing only slightly with
increasing measurement temperature.

In the typical irradiation temperature range of 500°C to 1300°C for coated fuel
particles in High Temperature Gas Cooled Reactors, we assume a 50% reduction in

thermal conductivity of pyrolytic B-SiC induced by modest amount of fast neutron
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irradiation, and the values are shown in Table 2-7. Later on in Figure 2-9 to Figure 2-16,
we will see that this simplication 1s acceptable, because in a coated particle, the buftfer
pyrocarbon layer is of the lowest thermal conductivity and most of the temperature rise
across the layers will occur there. The temperature difference from one side of the SiC
layer to another side is generally within one degree centigrade, so a coarse treatment for

the purpose the particle thermal calculations is not bad.
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Figure 2-7. Thermal conductivity as a function of temperature. Experimental values for

perfect crystal are plotted in dashed line. Results from calculations: perfect crystal ( *),

0.5% concentration of carbon vacancy ( + ), 0.5% concentration of carbon antisite ( x ),
0.5% concentration of silicon vacancy ( ¢ ). (From Li et al. [33])

The thermal conductivity data for fuel related materials are collected and plotted in

Figure 2-8 for comparison.
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Figure 2-8. Thermal conductivitics of fuel related materials (symbols for clarity)

Table 2-8. Typical Pebble Bed Reactor Core Parameters

Parameter Value Parameter Value

. Coolant Mass Flow Rate
Core Height (m) 10.0 (ke/s) 118
Core Radius (m) 1.75 No. Pebbles in core 360,000
Thermal power (MW) 250 No. Particles per Pebble 11,000
Average Power Density Pebble Fuel Zone Radius
(MW/m’) 3.652 (mm) 25.0
Coolant Inlet .
Temperature (°C) 450 Pebble Radius (mm) 30.0
Coolant Outlet 850
Temperature (°C)
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The temperature model was implemented and chedked independently. Several cases
for a typical pebble bed reactor core were analyzed. The specifications in for these cases
are given in Table 2-8. The intention was to investigate the temperatures of different
types of coated fuel particles at different power levels and locations in the reactor core.
We choose two types of fuel particles: one with a small fuel kernel and another with a big

fuel kernel as in Table 2-1, and the dimensions are given in Table 2-9.

Table 2-9. Dimensions of Particles Used in Thermal Calculations

Parameter Type 1 (P1) Type 2 (P2)
Fuel Type uco U0,
Kernel Diameter (um) 195 500
Buffer Thickness (um) 100 100
IPyC Thickness (um) 53 40
SiC Thickness (um) 35 35
OPyC Thickness (um) 43 40

We would like to see the temperature distributions of pebbles and particles in pebbles

under various conditions, and the following matrix for thermal calculation is constructed.

Table 2-10. Case Matrix for Thermal Calculations

Conditions

Particle

Type
Type 1 (P1) Average power | High power at Peak power at | Average power
at outlet, PF =1 | outlet, PF =2.74 | outlet, PF =5.27 | atinlet, PF =1

Cl C2 C3 C4

Type 2 (P2) Average power | High power at Peak power at | Average power
P at outlet, PF =1 | outlet, PF =2.74 | outlet, PF =527 | atinlet, PF =1

(Note: PF stands for power peaking factor.)

For example, P1C1 means a pebble containing 11,000 Type 1 particles is sitting at the
outlet of the reactor core where the helium temperature is 850°C, and experiencing
average power density of 3.652 MW/m’, and we want the temperature distribution in this
pebble and in a particle at the center of the pebble. It will be shown later in Section 2.6
that a PF of 5.27 is the highest peaking factor of an old core design for the Modular
Pebble Bed Reactor, and a PF of 2.74 is the highest peaking factor of a newer MPBR
design. The resulting temperature plots are shown in Figure 2-9 through Figure 2-16.
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Figure 2-9. Pebble and particle temperature distribution (Case P1C1)
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Figure 2-10. Pebble and particle temperature distribution (Case P1C2)
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Figure 2-11. Pebble and particle temperature distribution (Case P1C3)
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Figure 2-12. Pebble and particle temperature distribution (Case P1C4)
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Figure 2-14. Pebble and particle temperature distribution (Case P2C2)
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Figure 2-15. Pebble and particle temperature distribution (Case P2C3)
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Figure 2-16. Pebble and particle temperature distribution (Case P2C4)
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Table 2-11. Calculated Thermal Conditions for Two Types of Coated Fuel Particles

Case Tpartioclc center ATacrgss particle Tpeb:le center ATac::ss pebble iriz:zr::i::::
(°C) (°C) °C) (°C) o)
P1Cl1 1000.8 38.1 962.7 81.9 2.6
P1C2 1288.0 115.7 11723 237.9 7.9
P1C3 1764.2 264.0 1500.2 488.0 17.5
P1C4 578.7 322 546.5 62.9 2.2
P2C1 979.2 14.0 965.2 84.0 0.9
P2C2 1223.0 43.2 1180.0 2452 2.6
P2C3 1610.7 95.1 1515.6 503.3 5.8
P2C4 559.0 10.6 548.4 64.8 0.7

(Note: the three structural layers are IPyC, SiC, and OPyC layers)

The symbols in Figure 2-9 to Figure 2-16 are for clarity purpose only and do not
represent experimental data points. Some key values are collected and presented in Table
2-11, and we have the following observations.

(1) The pebble temperature profiles are very similar for the two pebbles with two
different types of particles embedded in them, because the power and dimension of
the pebbles are the same, but the average thermal conductivity of the fueled region
makes a little difference due to different weights of the mixture of materials.

(2) The particle center temperature and the temperature drop across a particle are higher
for a Type 1 particle than for a Type 2 particle, because for a Type 1 particle, the fuel
kernel volumetric heat generation rate and heat flux are higher due to the smaller fuel
kernel and overall particle dimensions, as can be seen in eqs. (2.37) and (2.39). It
should be noted that the particle center temperature would be even lower in Type 2
particle if UCO fuel kernel is used in place of UO,, because the thermal conductivity
of UCO is a lot higher than that of UO, as in Figure 2-8.

(3) The power peaking factor of 5.27 is from a graphite/fuel pebble mixing zone in an
early MPBR design, and it is unrealistically high. It could be an artifact of numerical
methods to compensate for the fast neutron flux equilibrium in the mixing zone, and
will be discussed later in Section 2.6. Be it as it may, we include it in our exercise and

the particle center temperature reaches 1764°C in the case of P1C3 and 1611°C in the
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case of P2C3. These two cases are for comparison purposes. In all other cases, the
particle center temperatures do not exceed 1300°C.

(4) The temperature drop across the three structural layers is typically several degrees
even with wide variations in particle dimensions and power densities, therefore

differential thermal expansion will induce little stress in each individual layers.

2.4. Mechanical Analysis

The task of the mechanical analysis is to provide stresses and strains in coated fuel
particles under possible normal operating and accidental conditions in HTGRs. To do a
credible job, all major stress contributors need to be included in the analysis. It is the
general view of the gas reactor community that the total mechanical strain € is the result
of irradiation strain €, creep strain €, elastic strain &,, and thermal strain €,,, expressed
as
€=¢,+€,+€, +g,. (2.47)

The following sections 2.4.1 to 2.4.5 discuss material properties and physical
phenomena associated with each component above, which are largely based on the
material review by Ho [37]. In order to be incorporated in the mechanical analysis, most
of these properties need to be abstracted and represented with assumptions, namely,
modeled. The material models that follow generally consider dependencies on irradiation
temperature, fast neutron fluence, material density and anisotropy, and they construct an

indispensable bridge between material properties and behavior.

2.4.1. Bacon Anisotropy Factor (BAF)

Before we delve into the mechanical properties of coating materials, the Bacon
Anisotropy Factor (BAF) needs to be introduced as a measure of the degree of preferred
crystallographic orientation, which will be used for pyrolytic carbon (pyrocarbon for
short). Pyrocarbon is of turbostratic structure and is in many ways similar to
polycrystalline graphite. However, pyrocarbon deposits can have any of a variety of

complex structures. In these structures, most of the carbon atoms are arranged in planar
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hexagonal arrays linked together by strong covalent bonds. The layers vary in perfection
and are thought to be wrinkled or contain single or multiple vacant lattice sites. Although
the layers in most structures are parallel to one another and are bonded by weak van der
Waals forces, some structures contain single unassociated layers, a small fraction of
amorphous carbon, or substantial amounts of hydrogen [38][39]. Because of the
anisotropy of the bonding and variations in the crystallinity and preferred orientation of

pyrocarbon, wide variations in properties are expected.

A
/
/

Axis
Figure 2-17. Schematic diagram of a turbostratic crystallite (from Bokros [40])

a
Axis

h
y

The strong covalent bonding within layers and the weak van der Waals bonding
between layers cause certain properties of the crystallites of pyrolytic carbon to be strong
functions of the angle ¢ shown in Figure 2-17 but independent of angular position about
the principal c-axis.

When the degree of preferred orientation of a deposit is high, the anisotropy of the
bulk approaches that of the crystallites. However, when the crystallites in an aggregate
are randomly oriented, the anisotropy of the crystallites is perfectly averaged out so that
the aggregate is isotropic. Thus, a quantitative measure of the degree of preferred

orientation in a deposit is one of the most important factors in its characterization.
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The inset shows the angular relations (from Bokros [40])

When pyrocarbon is deposited on particles in a fluidized bed, there is a natural
tendency for the layer planes to become aligned parallel to the deposition plane. Hence
the deposits have cylindrical symmetry about the normal to the deposition plane. The
degree of preferred orientation for a deposit with symmetry of this type can be
conveniently represented by a plot of /(9), the relative number of layer plane poles per
unit solid angle at angle ¢ versus ¢. Pole figures for a random specimen and a highly
oriented specimen are illustrated in Figure 2-18. The density of layer plane poles has
been normalized to unity at ¢ =0° in Figure 2-18.

A parameter which has proved useful in the characterization of the anisotropy of

carbon deposited in fluid beds and has special physical significance had evolved from the

approach taken by Bacon [41], which is the BAF. Part of Bacon’s work is summarized

below.
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Let o, and a, be the property coefficients in the a and ¢ directions of a crystallite,

respectively. The value of the property in any arbitrary direction inclined at an angle ¢ to
the c-axis is

a($) = o, sin’ o+, cos’ ¢. (2.48)

The mean value of the contributions of all the crystallites in the aggregate in the z
direction in Figure 2-18 is

_ [Ta@i@)singd
az = 2 .
[ 19)sin odo

(2.49)
Plugging eq. (2.48) into eq. (2.49), we get
/2 3 12 3
— [ e (@)sin® odo [ 1@)sin® oy
o: =a - . +o,|l-=— . , (2.50)
[ 1@)sinpag [ 1@)singdp
or
a, =R, +a,(1-R), (2.51)
where
/2 . 3
[ 1(¢)sin’ pdo
== : (2.52)
[ 1¢)sin ooy
Similarly, it can be shown that for directions parallel to the deposition plane,
o, :otany +occ(l—ny), (2.53)
where
2-R,
xy = —2—; (2.54)

Sometimes R_ is referred to as R, or simply R, and R, as R,. The Bacon
anisotropy factor (BAF) is related to R_ by

R,=R, =R 2

“R=——_ = 2.55
’ 2+ BAF (2.35)

Thus, R. and BAF are parameters with some physical significance which can be

obtained by evaluating eq. (2.52) and (2.55). The evaluation may be done graphically or
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by fitting I(¢) to a suitable empirical approximation and integrating eq. (2.52)
analytically. For a random deposit, R, = R,, =2/3 and BAF=1. For oriented deposits,

R_ can take vatues from 0 to 2/3 and BAF takes corresponding values from 1 to co.

2.4.2. Elastic Response of Pyrolytic Carbon (PyC) and Silicon Carbide (SiC)

Now we have introduced the concept of BAF, we can begin to discuss the elastic
response of pyrocarbon and silicon carbide. The elastic constants for a material consist of
a set of Young’s moduli E and Poisson’s ratios v, which link stresses with strains. For
pyrocarbon, the properties are axisymmetric with respect to the normal direction of the
deposition plane, in the case of coated particles, the radial direction of the spherical
configuration. The in-plane direction perpendicular to the radial direction is the tangential
direction, or 6 direction. This characteristic is called transverse isotropy, and five

independent elastic constants are required to describe it, so the following constitutive

laws apply to PyC,
1 2v,
E,=—0C, ————0C, 2.56
r Er rr E.9 06 ( )
1-
£ = —— %5, —~2g  and (2.57)
EQ r
A = Vi_ (2.58)
E E,

Another elastic constant is the shear modulus, which we don’t use because there is no
shear deformation in a spherical intact particle. Another notation for the radial and
tangential directions is 3 and 1 directions, respectively, which is the same thing.

The silicon carbide used for the coating of fuel particles is of the type B-SiC, which is
face-centered-cubic (fce) structured and isotropic, hence only two independent elastic

constants are needed. The corresponding constitutive laws are

1 2v

£, = EG” —EGBG, and (259)
1-v Y

€ap = —E—Gee —Ec”. (2.60)
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2.4.2.1. Elastic Constants of Dense Pyrocarbon

The elastic constants have been obtained for graphite single crystals [42] [43], but the
measurements for pyrocarbon are limited and show some discrepancies partially due to
different manufacturing conditions for the pyrocarbon samples [42] [44] [45]-[48]. The
idea is to establish the dependency of elastic constants on a number of parameters over
extensive ranges, based on existing data and acceptable engineering approaches. In many
cases, assumptions are made because of the absence of experimental data.

The functions for Young’s moduli are obtained by assuming the effects of various
parameters are multiplicative, because correlations between parameters were not studied.
The resulting equations for E; (tangential) and E; (radial) are given in GPa as [37]

E\(p, BAF,,L,,®,T)= E,(0.384 +0.324p)0.481+ 0.519BAF, )

: 2.61
x{2.985-0.0662L_X1+0.230)X1 +0.00015(T —20)) an N

E,(p.BAF,, L., ®,T)=E (0.384+0.324p)1.463— 0.463BAF, )

2.62
x(2.985 - 0.0662L_ Y1 +0.23® )1+ 0.00015(T —20)) ’ (2.62)

where

p is the pyrocarbon density (g/cnr’),

BAF is the unirradiated BAF, and BAF, < 2.15 is required for the above two equations,
Lc is the apparent crystallite size (angstrom ),

@ is the fast neutron fluence (102! n/em?, E > 0.1 8MeV),

T is the measurement temperature (°C), and

Eq is the reference value of 25.5GPa for p = 1.9g/cm3 . BAF;= 1.0, Lc = 30angstrom, ® =
0, and T=20°C.

The dependencies on each parameter in the above two equations are explained below.

The weak temperature dependence is assumed to be identical to that of graphite [49]
up to 2000°C. E versus fast neutron fluence data from Price and Bokros [44] and Kaae
[45] suggest a linear relationship, and this relationship is independent of density for the
density range of 1.55 to 2.0 g/cm”, and irradiation temperature between 650°C to 1250°C.
The rate of increase with respect to fluence is between 0.22 to 0.25 (10*! n/cm?)?, and an

intermediate value of 0.23 is recommended as in eqs. (2.61) and (2.62). The relationship

is assumed to be valid for 1.0 < p < 2.0 g/cm® and @ < 4.0x10?’ n/cm?. As for the
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dependence on BAF,, all the measurements are made in the tangential direction because
the thin section of the radial direction is not suitable for measurements. Thus the E;
versus BAF, relationship is based on E, data and the ratio of Ei/E; for graphite crystals,
as described by Ho [37], and it is less applicable due to more assumptions being
involved. The dependence of E on density, BAFy, and apparent crystallite size were
studied and given by Kaae [48], and it was concluded that the relationships between PyC
structure and its mechanical properties can be characterized by these three parameters,
meaning PyCs basically show the same mechanical properties if the values of these
parameters are the same, no matter whether they are deposited from methane, propane,
propylene, or propylene-acetylene mixtures.

For the dense pyrocarbon coatings of fuel particles, BAF is generally in the range of
1.0 to 1.1, which means the coated dense pyrocarbon is not significantly different from
isotropic pyrocarbon, and the corresponding E/E; is not higher than 1.10. Given this fact
and that the model for E; is largely empirical and differentiating E; and E; would
introduce great level of complexity in stress analysis, we just use the relationship from

eq. (2.61) for both radial and tangential directions for the time being.
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Figure 2-19. Young’s modulus of dense PyC versus fast neutron fluence

Fast neutron fluence has the dominant effect on Young’s modulus of pyrocarbon, as

can be seen from Figure 2-19 if we plot E versus ® by keeping other parameters at their
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reference values. Other parameters will not change the value of E dramatically in the
range in interest.

The dependence of Poisson’s ratio v on density, temperature, and neutron fluence is
largely unknown. The dependence of v on anisotropy is given by Ho [37] based on the
data given by Price and Kaae [50] as

Ve = 0.766R —0.275, (2.63)
Ve, =—0.89R +0.825, and (2.64)
Vo=V, E /Eg, (2.65)

where again R is given by eq. (2.55).

Due to the complexity of including anisotropic elastic constants of pyrocarbon in the
general mechanical analysis, we just use the isotropic value of Poisson’s ratio, which is
chosen to be a constant value of 0.235, for all directions. In the thermal stress analysis as
we will show later in Section 2.4.6, we are able to employ the whole set of anisotropic

elastic constants for pyrocarbons.

2.4.2.2. Elastic Constants of Silicon Carbide

It has been mentioned that the SiC coating layer for fuel particles is predominantly of
B phase, which is isotropic. The Young’s moduli of SiC in the literature were derived
from three-point or four-point bend tests on strip samples and diametral compression tests

on brittle rings, and some room temperature values are summarized in Table 2-12.

Table 2-12. Young’s Modulus of $-SiC at room temperature

E (GPa) E (10° psi) Source Test Method
427 62 Price [51] Three-point bend
427 62 Gulden [52] Four-point bend
282 — 365 41 - 53 Bongartz et al. [53] Brittle ring compression
200 — 600 29 - 87 Bongartz et al. [54] Brittle ring compression
282 -413 41 - 60 Wallura et al. [55] Brittle ring compression
431 62.5 Yavuz & Tressler [56] Four-point bend

It seems that 427GPa can be used as the room temperature value of Young’s modulus

of B-SiC, and the following temperature dependence reported by Gulden [52] are used in
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our model. No significant changes in Young’s modulus due to irradiation are observed

from the work by Price [7].

Table 2-13. Young’s Modulus of B-SiC v.s. temperature

T (°C) 25 940 1215 1400
E (GPa) 427 375 340 271
E (10° psi) 62 54.4 493 39.4

Poisson’s ratio for SiC is given as 0.18 by Gibson [57]. A value of 0.13 + 0.02 was
reported by Yavuz and Tressler [56]. We use 0.13 in our model.

2.4.3. Irradiation Induced Dimensional Changes in Pyrolytic Carbon (PyC)

The irradiation induced dimensional changes in pyrocarbon is a very complicated
phenomenon, because pyrocarbon is a mixture of constituting anisotropic graphite
crystallites of all orientations with crystallite boundaries, cross links, vacancies, voids,
defects and many other microstructures. Fast neutron irradiation leads to energetic knock-
on carbon atoms which displace other carbon atoms in the structure and annihilate
vacancies and defects. Before we get to the quantitative facts of irradiation dimensional

changes, we would like to qualitatively explain what is going on in pyrocarbon with the
aid of Figure 2-20.
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Figure 2-20. Schematic of irradiation dimensional change mechanisms in PyC (hexagonal
bars represent graphite growth features, and circles represent vacancies and defects)
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We know that the graphite crystallites are highly anisotropic and have a preferred
orientation of crystallites. Micrographs show graphite growth features of all orientations,
which are bases for the graphite crystallites to deposit on. It was determined that the
carbon-layer planes of the crystallites (planes that ‘a” direction in Figure 2-17 resides in)
were always parallel to the surface of the growth features and that the preferred
orientation of crystallites in small regions within the growth features was very high [58].
The left box in Figure 2-20 shows the essentially random dispersion of graphite growth
features in the as-deposited pyrocarbon, hence its macroscopic behavior is isotropic. The
effect of fast neutron irradiation is that neutrons displace carbon atoms so that they can
re-distribute and find their favorite sites. One consequence is that many atoms fill in the
previously existing vacancies and defects in between the growth features so that the
material free boundary shrinks toward the bulk material. This is the process of
densification. Another consequence is that graphite crystallites can re-orient in their
preferred direction, and as a result, the grow features tend to re-orient uniformly in one
direction, which is the normal of the coating plane. This is the process of reorientation.
These two processes take place simultaneously. However, at early stage of irradiation, if
the pyrocarbon is of low density, densification will outplay reorientation so that the
pyrocarbon exhibits shrinkage in both radial and tangential directions. Later on as
irradiation continues, there is not much space for densification and reorientation becomes
the leading mechanism, so the dimensional change in the radial direction shows a
turnaround point after which the material begins to expand in this direction. We can
imagine reorientation will cause the macroscopic anisotropy of pyrocarbons to increase
as a function of neutron fluence. Experimental results from Kaae [58] seem to support the
above description. After irradiation at 950°C to a fluence of 2.1x10% n/cmz, the low
density pyrocarbon had an increase in density from 1.62 to 1.99g/cm® and shrinkage
strains of 7.5% and 6.0% in the directions parallel and perpendicular to the coating plane,
respectively. From micrographs the original growth features were much more uniform in
appearance, and those regions appeared similar to the as-deposited growth features in the
high density pyrocarbon. Moreover, it was evident that a strong increase in crystallite size

occurred. The as-deposited high density pyrocarbon also subjected to considerable
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crystallite growth during irradiation, and the crystallite size increase in this case was
larger. Figure 2-21 from Kaae [58] clearly show the two processes described above. In
the figure, the bifurcation of two curves indicates the ongoing of reorientation, and

densification is more apparent in the low density pyrocarbon.
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Figure 2-21. Dimensional changes of isotropic pyrolytic carbons during irradiation at
1000°C; (a) low density carbon, (b) high density carbon. Abscissas in (a) and (b): fast
neutron fluence in 10%'n/cm® E > 0.18 MeV. (from Kaae [58])
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We now develop the quantitative model for irradiation-induced dimensional changes

g, (radial direction) and ¢, (tangential direction) for pyrocarbons. We desire the
dependency of ¢, and g, on p, BAF,, T, and @, but again some assumptions and

interpolations have to be made due to insufficiency of data even though considerable

work has been done to evaluate the dimensional changes.

2.4.3.1. Dimensional Changes of Pyrocarbon with Density of 1.96g/cm’
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Figure 2-22. Variation of the as-deposited BAF with coating rate, reproduced based on
Figure 1 from Kaae [47] and added two curves for p=1.96g/cm’ and p=1.00g/cm’ for
interpolation purposes

Since we do not have the complete set of data with respect to arbitrary p, BAF,, T,
and @, we start with a series of data which cover as many parameters as possible. The
dimensional change curves presented in reference [57] for two coating rates, 1 and 2.5
pm/min are the model based curves. For each coating rate and the density of 1.96g/cm’,
curves as a function of fast neutron fluence were given at temperatures of 930 - 1150°C
(or median of 1032°C [37]) and 1350°C. Since coating rate is not considered as an

independent parameter, because it has strong correlation with density and BAF, the two
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coating rates were converted to BAF, at p=1.96g/cm3 based on Figure 2-22, and turned
out to be BAF; of 1.063 and 1.036, respectively.

In the figure above, a curve for p=1.96g/cm3 is added by interpolation because it is
for the reference density. Another curve for p=1.00g/cm’ is appended by assuming
pyrocarbon at this density is isotropic, and this curve simply serves as a bottom line for
modeling. It can be seen that coating rate appears to have strong effect at low coating
rate, and the effect vanishes at intermediate and high coating rates. It should also be noted
that for a specified density of pyrocarbon, certain value of BAF may not be possible,
which is reasonable because good packing and orientation of graphite crystallites are
required to achieve high density. For example, the BAF of a pyrocarbon coating with
density of p=1.99g/cm’ is above 1.02 based on the figure.

In reference [37), some other data source were employed and fitting was used to get
curves at 600°C for BAF; of 1.063 and 1.036, then we get
e, (p=1.96, BAF, = (1.036,1.063),T = (600,1032,1350),®) and

e, (p =196, BAF, =(1.036,1.063), T = (600,1032,1350), D).

2.4.3.2. Dependence of Dimensional Changes of Pyrocarbon on Density

Now we would like to extend the curves obtained in the last section to a wider range

of density and BAF,. References that have shown the dependence of €, and €, on

density with the end-of-life fluence and irradiation temperature are summarized in Table
2-14.

Table 2-14. References for Irradiation Dimensional Changes of PyC versus Density

References Temperature (°C) Fluence (10*'n/cm?)
Figure 3(c) in Ref. [59] 1220 - 1270 1.8-2.1
Figure 3(b) in Ref. [60] 1000 2.1-23
Figure 3(b) in Ref. [61] 1000 3.85
Figure 1(b) in Ref. [45] 650 — 1250 3.7
Figure 1 in Ref. [62] 1010 - 1140 2.5,4.3
Figure 2(a) in Ref. [62] 1235 3.6
Figure 3(a) in Ref. [63] 650 - 900 3.7

(Note: This table is copied from reference [37])
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All of the curves presented in the references above were superimposed in one figure
and two average curves for the radial and tangential directions as a function of density
were estimated by Ho [37] and redrawn in Figure 2-23. Also the averaged temperature
and fluence for the two curves were approximated to be about 1100°C and 3.7x10*!
n/em?, respectively. It was observed that two curves merge at a low density of 1.0g/cm’,
namely, PyC is more and more isotropic with the decrease of density, which agrees with

our discussion at the beginning of Section 2.4.3.
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Figure 2-23. Constructed irradiation induced dimensional changes versus density for PyC
irradiated at 1100°C to 3.7x10%' n/em’

We could also construct an artificial curve for isotropic PyC at the same irradiation
conditions from the radial and tangential curves according to
2/3 1/3
emo =1-(1-2, ) (1-¢,)", (2.66)
meaning picking out the densification information and disregarding the reorientation
information carried by the radial and tangential curves. Figure 2-23 is the reference for

our modeling of the dependence of irradiation induced dimensional changes on density.

The isotropic curve gives the effect of irradiation induced densification on PyC density,
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and the difference between the radial curve and the tangential curve gives the dependence
of anisotropy on density. These values are tabulated in Table 2-15, which will be used to

correct for density difference on the dimensional changes we obtained in Section 2.4.3.1.

Table 2-15. Irradiation Dimensional Changes of PyC at 1100°C to 3.7x10?! n/cm?

o(gem® | 1.0 | 12 | 14 | 15 | 16 | 1.8 | 1.9 | 196 | 20
Exso (%) | -16.15|-13.11 | -9.98 | -8.50 | -6.97 | -4.42 | 341 | -2.75 | -2.33
gn-Ex (%) | 00 | 050 | 1.10 | 165 | 245 | 631 | 7.90 | 9.60 | 11.10

Based on eq. (2.66), curves for €, (p =1.96, BAF, =1,T = (600,1032,1350),®) can
be obtained from €, (p =1.96, BAF, = (1.036,1.063),T = (600,1032,1350),®) and
e, (p =1.96, BAF, = (1.036,1.063),T = (600,1032,1350),®). The curves can be fitted to a
fourth order polynomials of fluence in the form of
£ 40 (%) = a,® + a,D” + 3,0’ +a,0",

(2.67)

with very good accounting for variance (~99%), where ¢ has the dimension of

10*'n/em?. The fitting coefficients are presented in Table 2-16.

Table 2-16. Coefficients of the Polynomials for Irradiation Induced Dimensional
Changes of Isotropic PyC at p=1 .962;;,/cm3

Polynomial Coefficients
T (°C) BAF aj a a3 ay
1350 1.0 -1.8886 0.38982 -0.03691 0.00130
1032 1.0 -1.7111 0.38139 -0.03674 0.00135
600 1.0 -1.4764 0.29487 -0.02790 0.00105

2.4.3.3. Dependence of Dimensional Changes of Pyrocarbon on Anisotropy

One more task is to extend what we have to other BAF, values by fitting and
extrapolation. Table 2-16 in Section 2.4.3.2 gives €,,, at BAFp=1, and £, and ¢, were
obtained at BAF, = 1.036 and 1.063 in Section 2.4.3.3. Because one BAF corresponds to

two R values according to egs. (2.54) and (2.55), we can get more data points by using

Rs, and they are R = 0.6530, 0.6588, 2/3, 0.6706, 0.6735.
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Points at these values were plotted at fluences of 0.7, 1, 2, 3, and 4 x10*' n/cm? , then
at each fluence, smooth curves were fitted to the points of changing R values and
extrapolated to R of 0.6 and 0.7 in two directions. The shape of the smooth curves and
extrapolations were based on experimental evidence of the effect of R on irradiation
induced dimensional changes of pyrocarbon in references [59] and [64]. Then the data
points at selected R values were again fitted into polynomials of eq. (2.67) with good
accounting for variance (~99%) and the coefficients are presented in Table 2-17 and
Table 2-18.

Table 2-17. Coefficients of the Polynomials for Irradiation Induced Radial
Dimensional Changes &;; of PyC at p=1 .96g/cm3

Polynomial Coefficients
T (°C) BAF a a; a3 a4
1.0000 -1.24080 0.00175 0.08533 -0.01253
1.0212 -1.10640 -0.03128 0.09184 -0.01220
600 1.0488 -0.94333 -0.03589 0.08184 -0.00958
1.0769 -0.78045 -0.02975 0.06655 -0.00626
1.1746 -0.15714 -0.14889 0.07546 -0.00293
1.2787 0.40265 -0.16501 0.03676 0.00706
1.0000 -1.52390 0.13048 0.06299 -0.01072
1.0212 -2.07520 1.37845 -0.48993 0.06602
1032 1.0488 -2.00470 1.30380 -0.37280 0.04538
1.0769 -1.81690 1.10850 -0.23868 0.02484
1.1746 -1.18540 0.64995 0.01380 -0.01284
1.2787 -0.45900 0.51172 -0.03245 -0.00142
1.0000 -1.42840 -0.19563 0.18991 -0.02591
1.0212 -1.54330 0.59804 -0.09997 0.00978
1350 1.0488 -1.49640 1.16621 -0.30106 0.03475
1.0769 -0.89522 0.80331 -0.09009 0.00467
1.1746 1.20930 -0.53861 0.43114 -0.05590
1.2787 3.71620 -2.70420 1.17990 -0.13910
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Table 2-18. Coefficients of the Polynomials for Irradiation Induced Tangential
Dimensional Changes €; of PyC at p=1.96g/cm’

Polynomial Coefficients
T (°C) BAF a a as a4
1.0000 -1.24080 0.00175 0.08533 -0.01253
1.0303 -1.38550 0.05307 0.07620 -0.01245
600 1.0769 -1.46790 -0.02836 0.12139 -0.01948
1.1250 -1.64660 0.03928 0.10067 -0.01764
1.2258 -1.84990 -0.09358 0.18119 -0.03036
1.3333 -2.19190 0.02675 0.15352 -0.02972
1.0000 -1.52390 0.13048 0.06299 -0.01072
1.0303 -1.57590 0.09019 0.05306 -0.00815
1032 1.0769 -1.32200 -0.51928 0.27603 -0.03465
1.1250 -1.18700 -0.90635 0.41046 -0.05067
1.2258 -0.96963 -1.59110 0.64689 -0.07682
1.3333 -0.81239 -2.20760 0.88496 -0.10457
1.0000 -1.42840 -0.19563 0.18991 -0.02591
1.0303 -2.24680 0.48243 -0.07687 0.00464
1350 1.0769 -2.82930 0.76088 -0.22314 0.02431
1.1250 -3.25550 0.90423 -0.33175 0.04329
1.2258 -4.44780 1.60320 -0.58683 0.07458
1.3333 -5.67140 2.41920 -0.86155 0.10668

2.4.3.4. The Procedure of Obtaining €;, and €; at given p, BAF,, T, and ®

Based on the descriptions in the three sub-sections above, the steps for obtaining the
radial and tangential irradiation induced dimensional changes of pyrocarbon at given
density p’, unirradiated BAF,’, irradiation temperature T’ and fast neutron fluence @’ is

summarized below.

(1) Get €,4,{p=1.96, BAF, =1,T",®') from Table 2-16. Interpolation is used for T’
other than the specified temperatures in the table.

(2) Adjust for density difference to get €,,(p’, BAF, =1,T",@’) based on Table 2-15.

For example, if p> = 1.6 g/cm’, then the factor is -6.97/-2.75 = 2.535, meaning
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€450 (P's BAF, =1,T",@")/£,0,(p = 1.96, BAF, =1,T",®') = 2.535. The assumption is
that the relative densification effect with respect to density is independent of T and ®.

(3) The given p’ and BAFy’ are converted to a pair of p = 1.96 g/cm® and BAF,” from
Figure 2-22 by assuming the same coating rate.

) €,(p=1.96,BAF],T",®") and ¢,(p=1.96,BAF,,T',®') are obtained from Table

2-17 and Table 2-18, and Ae,(p=1.96,BAF},T",®')=¢, —¢, is calculated.

Interpolations on T” and BAF,’* may be necessary.

(5) Adjust for density difference to get As,(p',BAFO',T ',d)’) based on Table 2-15.

Similarly to step (2), the relative effect of density on anisotropy is assumed to be

independent of T and ®.
(6) Use €5, (p, BAF, =1,7",@') and Ae,(p’, BAF,,T",®') to derive ¢, (p', BAF,,T',®')

and ¢, (p', BAF], T',®’) according to eq. (2.66), which are what we need.

4.00

2.00

0.00

-2.00 -

—B—Radial, BAFO = 1.2787
-4.00 1 —o—Radial, BAFO = 1.1746 |
—A—Radial, BAFO = 1.0769
—|sotropic, BAF0 = 1.0

-6.00 1| 4 Tangential, BAFO = 1.0769
—&—Tangential, BAF0 = 1.2258:
_g.00 |L=S—Tangential BAF0 = 1.3333 ‘ |

0 1 2 3 4

Dimensional Changes (%)

Fast Neutron Fluence (10*'n/cm?)

Figure 2-24. Irradiation induced dimensional changes of PyC of density 1.96g/cm’
irradiated at 600°C (symbols for clarity)

78



4.00

T=1032C =
g 200+ - - - —=?-:—,' o {
g 000 = = —— & """ """ X = S
o e X X A A A
5 N
£ 200 - S ——— :
° S
© 1 B . A .
5 4.00 —HB—Radial, BAFO = 1.2787 ‘
@ —o— Radial, BAFO = 1.1746
@ 600 | —a—Radial, BAFO = 1.0769 S '
£ Isotropic, BAF0 = 1.0
0O _-8.00 | —&—Tangential, BAFO=1.0769 ... - e -
——Tangential, BAFO = 1.2258
~10.00 ! —l—Tangential, BAFO = 1.3:@“ }
0 1 2 3 4
Fast Neutron Fluence (10'n/cm?)
Figure 2-25. Irradiation induced dimensional changes of PyC of density 1.96g/cm’
irradiated at 1032°C (symbols for clarity)
12.00
T=1350C
g 8.00 - S = S - b S
@ 400 - o e g BT g
<)
5
£ 0.00 PRt X A—A-A—OHF T
(&
E 400 o g A, L T
2 B
7] —B—Radial, BAFQ = 1.2787
© -8.00 |—o—Radial, BAFO=1.1746 | - W e
E —4A— Radial, BAF0 = 1.0769
P Isotropic, BAFO = 1.0 !
O -12.00 |—a—Tangential, BAFO = 1.0769] < S e T
—&— Tangential, BAFO = 1.2258
0 1 2 3 ' 4

Fast Neutron Fluence (1021 nlcmz)

Figure 2-26. Trradiation induced dimensional changes of PyC of density 1.96g/cm’

irradiated at 1350°C (symbols for clarity)

79



For illustration purposes, sclected curves from Table 2-17 and Table 2-18 are plotted
in Figure 2-24, Figure 2-25, and Figure 2-26 at three temperatures.

It is clearly shown in the figures that higher irradiation temperature and anisotropy
cause wider separation of the radial and tangential curves, and leads to eatlier turnaround
points in the radial dimensional changes. From Figure 2-26, with BAF, of about 1.30 the
magnitude of dimensiona changes of pyrocarbon exceeds 10% in both directions at

irradiation temperature of 1350°C.

2.4.3.5. Non-isothermal and Restrained Conditions

As has been discussed in the Introduction and Thermal Model sections, the fuel
pebbles and particles will not be subject to constant irradiation temperatures in most
cases, so a way to deal with irradiation induced dimensional changes of pyrocarbon with
non-isothermal irradiation temperature history has to be introduced. Let’s say at fluence
of 1x10*' n/cm? irradiation temperature changes from 800°C to 1000°C, a reasonable way
is to sample the dimensional change rate instead of dimensional change itself from the
1000°C curve at 1x10*' n/cm?® because the rate represents the driving force of
dimensional changes at the new condition. What we get from this scheme is a curve of
dimensional change rate associated with a specific temperature history, and the absolute
dimensional change curve is obtained by integrating the rate curve. Some error would be
introduced because beside temperature and fluence, the rate also depends on the damage
which is already made to the material, but this is the best we can do from modeling point
of view and the error is believed to be small.

Another issue is that dimensional changes will be different under mechanical restraint
conditions. Under stresses and irradiation, pyrocarbon will creep which enhances the
BAF of the pyrocarbon. This effect will be factored in through the following procedure.
According to Kaae [46] and our discussion at the beginning of this section 2.4.3, &; can be
decomposed into a volume conserving reorientation component &;, and a densification
component g;,, SO
€, =g,, +&,,,and (2.68)

E:il‘ = ei/a + Sitb ? (269)
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satisfying
€,, = —2¢,, (volume conservation), and (2.70)

£,, =€, (isotropic densification). (2.71)

From eqs. (2.68) - (2.71), we get

_ 2 zg(g,., —¢,), and (2.72)

Eirh = E:ih‘.» = %(Sir + 28")' (273)

The components €, and €, can be further expresses as [46]

g,,=RX,+(1-R)X, ,and (2.74)
g, =(1-R/2)X,+(R /2)X., (2.75)
where X, and X, are dimensional strains of the crystallites in the a and ¢ directions, and

R; is the parameter in eq. (2.55), associated with BAF; which is the irradiated BAF.
From egs. (2.72) - (2.75), we can have

2
X =—2= (¢ -¢. ), and 2.76
a 3(2—3R,-)(8" 8rr) an ( )

4

X, = 3(2_—3&_)(8,-, —€,). (2.77)

The remaining task is to first back out X, and X which are not influenced by irradiation
creep, then update BAF; and R; and plug them back into egs. (2.76) and (2.77) to get
restrained €, and €, . This procedure has been used in codes TRISO [57] and PISA [65].

The irradiated BAF as a function of fluence is from [37] and given below.

Table 2-19. Trradiated BAF for PyC of BAFy=1.05 and p = 1.9 g/em’

® (10*'n/em?) | 0 1 2 3 3.5 4 4.5 >5

BAF; 1.05 1.052 | 1.062 | 1.073 1.08 1.084 | 1.088 1.09

The BAF as a function of apparent creep strain was given in [46], but the presented
BAF values are very high which would lead to unrealistically big dimensional changes
based on our database, therefore this relationship is not implemented now. We think

shear strain may be more effective in changing pyrocarbon crystallite alignment, so we
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recommend looking at the effect of octahedral-shear creep strain instead of apparent

creep strain on dimensional changes.

2.4.4. Irradiation Induced Creep in Pyrolytic Carbon (PyC)

The irradiation induced creep in PyC has both a transient component and a steady
state component. Because transient creep strain is much smaller than steady state creep
strain, and few data are available, transient creep is not included in the model. For a
transversely isotropic material like PyC, steady state creep are described by four
independent constants, but since all measurements were made in the in-plane (tangential)
direction, only two constants were given, and we have to use isotropic creep model.
Fortunately this is not too bad because the pyrocarbons we deal with is nearly isotropic.

The governing equations for irradiation induced steady state creep in PyC in the

radial and tangential directions are

e, =cl0, —2v,04, )@, and (2.78)
gcr :C((l_vc )0'99 —VCG")(D, (279)
where

¢ is steady state creep coefficient (MPa.10?' n/em?) ™,

vc 1s Poisson’s ratio in steady state creep, and

@ is fast neutron fluence (10! n/cm?).

For simplicity, we will say creep instead of itradiation induced steady state creep from
now on.

The following relation is given for ¢ by Ho [37] to be
¢=(2193x10™ —4.85x107 T +4.0147x10™°T J1+2.38x (1.9 - p)), (2.80)

which gives a quadratic relationship with respect to T in °C and a linear relationship with
respect to p in g/cm®. The equation was derived from a set of data discussed in [37],
which exhibits a trend of increasing creep with increasing temperature (for T > 600°C)
and of decreasing creep with increasing density, and this is consistent with the behavior
of graphite. The creep coefficient c is assumed to be independent of fast neutron fluence,

as indicated in all of the published literature.
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Based on the author’s knowledge, all of the previous coated particle fuel performance
models use 0.5 as the value of Poisson’s ratio in creep v, which means the creep
behavior is volume conservative, like the flow of incompressible fluid. Kaae has
suggested that the value of v, appears to depend on the effective or octahedral shear creep
strain, independent of structure, density, and irradiation temperature of the pyrocarbon

[66], as shown in Figure 2-27.
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Figure 2-27. Poisson’s ratio in irradiation creep as function of effective creep strain (from
Kaae [66])

The effective creep strain is calculated as

, 2
el =\/;(scr+ac, : (2.81)
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At low strains, v, is near or above the constant-volume value of 0.5, but beyond strain
of 0.01, it rapidly decreases to about 0.4 and remains constant over a wide range of
strains. This means creep is happening with an increase in volume, possibly due to the
growth of micro-cracks. It will be shown later in our stress analysis that this makes a
significant difference in terms of stress condition and fuel performance by relaxing the
constraint of fixing v. at 0.5.

The creep coefficients represented by eq. (2.80) are plotted in Figure 2-28.
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Figure 2-28. Creep coefficient of pyrocarbon as function of temperature and density

(symbols for clarity)

2.4.5. Thermal Expansion of Pyrolytic Carbon (PyC) and Silicon Carbide
(SiC)

2.4.5.1. Thermal Expansion of Pyrolytic Carbon
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The thermal expansion of pyrocarbon has been shown in the literature to depend
primarily on the degree of preferred orientation of graphite crystallites, and a simple
Bacon relation gives the thermal expansion coefficient in a particular direction to be
a=Ra, +{1-Rk.,, (2.82)
where R is the orientation parameter introduced before for that direction, and «, and o,
are the thermal expansion coefficients in the a and c directions of graphite crystallite.

Some data of a, and o are presented in Figure 2-29.
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Figure 2-29. Thermal expansion of the graphite crystal in the a and ¢ directions (Solid
line: experimental data from Pierson [67]; squares: derived data from Bokros [40])

We see that the thermal expansion in the normal direction of graphite basal plane is

much higher than that in the plane. At 1100°C, o, is about 31x10°%/°C from Pierson [67],
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28.8x10°/°C from Ho [68], and 27x10*/°C from Gebhardt and Berry (69], and o, is

about 1.7x10°°/°C from Pierson [67], and 1.5x107%/°C from Gebhardt and Berry [69].

The actual thermal expansion of pyrocarbon deviates some from the Bacon relation.

The thermal expansion coefficients of various pyrocarbon at 400°C are given in Figure

2-30 taken from Bokros [40] as a function of orientation parameter R.
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Figure 2-30. Thermal expansion coefficient at 400°C versus preferred-orientation
parameter R for various pyrolytic carbons. At 400°C, a, = 0. (from Bokros [40])

Typical pyrocarbons used as fuel particle coatings have BAFs close to 1.0, If fitting is

performed in the range of BAF less than 3 (so R3; > 0.4 and R, < 0.8 with R; and R,

defined in eqs. (2.54) and (2.55), respectively), the following relationship is obtained for
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1100°C by adjusting the data in Figure 2-30 with the percentage increase which would be
predicted by Bacon relation from 400°C to 1100°C,

@, =0, = 125K, +199, and (2.83)
3 3
, 10
o, =a, =40(R, -1) ey (2.84)

These two equations are used in the model. The reason of making the adjustment to
1100°C is to bring the thermal expansion coefficients into high temperature range in

HTGRs. Notice that when BAF =1, so R3 =R, =2/3, 0, = 0, = 5.56x10°/°C.

2.4.5.2. Thermal Expansion of Silicon Carbide
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Figure 2-31. Thermal expansion coefficient for B-SiC as a function of temperature
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A collection of thermal expansion coefficients for 3-SiC is presented in Figure 2-31.
The solid line is a Molecular Dynamics simulation result by Porter et al. [72], which
shows fairly good agreement with experimental data. For now it is acceptable to use the
constant value of 4.9x10%°C. Thermal expansion of B-SiC is found to show no
systematic dependence on the deposition temperature and is not affected by neutron

irradiation.

2.4.6. The Formulation of Mechanical Analysis

Efforts on the mechanical analysis of coated fuel particles have been ongoing for
forty years. It has evolved from one pyrocarbon shell model by Prados and Scott [73] to
the IPyC/SiC/OPyC model that most people are using today, with the inclusion of
irradiation induced dimensional changes, irradiation induced steady state creep, thermal
expansion, and elastic response of materials.

The detailed formulation of our mechanical model is given in Appendix A. In our
model, the thermal stress calculation is separated as a stand alone solution because four
anisotropic ¢lastic constants as discussed in Section 2.4.2.1 can be fully used. The general
mechanical solutions using series solution technique would not give us a closed form
solution if four elastic constants were included, hence we use two isotropic elastic
constants. Furthermore, the thermal stress calculation is needed under accident conditions
of HTGR systems when quick temperature rise occurs. Here we summarize the
mechanical analysis which takes into account irradiation effects.

The constitutive equations for pyrocarbon layers in the radial and tangential

directions expressed in spherical coordinates are

aagtr = l(a;' v agre )+c(cyr ~2v,6,)+S,, and (2.85)
a;t = _[( 609 p ]+c (1-v, )o,-v,5,.]+S,. (2.86)

where the tangential direction is denoted by 6 instead of t to avoid confusion with the

time t. Time t in our language here is equivalent to fast neutron fluence in 10*'n/cm>.
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Other symbols have been introduced in previous sections and are clearly defined in

Appendix A.

Table 2-20. Parameters of Coated Fuel Particles for Stress Analysis

Parameter Type 1 Type 2
Fuel Type uco Uuo;
Carbon to Uranium ratio 0.36 0
Oxygen to Uranium ratio 1.51 2
U235 Enrichment (%) 93.15 10.0
End-of-life Burnup (%FIMA) 10.0 10.0
End-of-life Fluence (10*'n/cm®) 3.0 3.0
Irradiation Temperature (°C) 1000 1000
Irradiation Time (EFPD) 1000 1000
Ambient Pressure (MPa) 6.38 0.10
Kernel Density (g/cm’) 10.52 10.80
Buffer Density (g/cm’) 0.95 0.95
IPyC/OPyC Density (g/cm’) 1.90 1.90
IPyC/OPyC BAF, 1.03 1.03
Kernel Diameter (um) 195 500
Buffer Thickness (um) 100 100
IPyC Thickness (pum) 53 40
SiC Thickness (um) 35 35
OPyC Thickness (pm) 43 40

We use series solutions to solve for stresses, strains, and displacements, as shown in
Appendix A. The SiC layer is treated as an elastic medium with no irradiation induced
deformation. We now show some results for two cases in Table 2-20, which give the
same particle dimensions as those in Table 2-9, to explain the general mechanical
behavior of fuel particles under irradiation conditions.

Figure 2-32 and Figure 2-33 show the radial and tangential stress distributions in the
Type 1 particle at a fast neutron fluence of 0.9x10*'n/cm?, when the stresses are the
highest in this case. Although particles can have different dimensions, fuel types, and
irradiation conditions, the stress patterns given in these two figures are very robust over a

wide range of neutron fluence levels. Here are the common features of stress

distributions.
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Figure 2-32. Radial stress distribution in Type 1 particle at fluence of 0.9x10%*'n/cm?
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Figure 2-33. Tangential stress distribution in Type 1 particle at fluence of 0.9x10*'n/cm?
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Figure 2-38. Schematic of some stress contributors in a coated fuel particle

(1) In the radial direction, the stress at the inner surface of IPyC layer is equal to the
internal pressure from fission gases, as we discussed in Section 2.2, and the stress at
outer surface of OPyC layer is equal to the ambient or external pressure provided by
the packing of fuel elements. The radial stress profile is continuous due to the
equality of action and reaction forces. We see from Figure 2-25 that pyrocarbon
shrinks in both radial and tangential directions at the early stage of irradiation but
silicon carbide does not, so IPyC layer tends to depart from SiC layer and induces
tension in itself, and the shrinkage of OPyC layer is resisted by the presence of high
modulus SiC layer which produces radial compression in OPyC layer, as we can see
with the help of Figure 2-38. In the SiC layer, the stress changes from high tension at
IPyC/SiC interface sharply to high compression at SiC/OPyC interface. The whole
stress distribution is like the one shown in Figure 2-32. At very high radiation dose, if
pyrocarbon turns into net expansion, the stress condition is reversed.

(2) In the tangential direction, we observe high tensile stresses in the IPyC and OPyC
layer and high compressive stresses in the SiC layer, as shown in Figure 2-33. The

tangential stresses are discontinuous at the two interfaces of structural layers. There is
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no continvity requirement for the tangential stresses, and they are balanced by the
radial stresses and the gradient of radial stresses, as can be concluded from the
equations of equilibrium in Appendix A. Because the Young’s modulus of SiC is one
order of magnitude bigger than of PyC, we can think of SiC layer as being rigid for
simplicity. At early stage of irradiation, the IPyC layer shrinks down to a smaller
radius to find a new relaxed state, but the SiC layer holds it back to its original
position. This radius increasing force creates tension in the IPyC layer. Similarly, the
SiC layer pushes the OPyC layer outward and thus puts tension in it. The reaction of
these forces is that the IPyC layer pulls inward on the SiC layer and the OPyC layer
presses on the SiC layer so that the compression in the SiC layer is tremendous. At
high fluence and burnup, the reverse process of PyC dimensional changes can put the
SiC layer into tension. Meanwhile, internal pressure will act in the same direction to
create tension in the particle. It should be noted that the tangential stresses in each
layer is fairly uniform. Therefore, an average stress is a good estimate of tangential
stress state. We also notice that the tensile stress in the OPyC layer is generally lower

than in the IPyC layer if they are of the same material properties.

Now instead of looking at the cross-sectional information of stresses, we examine the
evolution of stresses. Figure 2-34 and Figure 2-35 show the radial and tangential stress
histories of a Type 1 particle. Typically stresses are intensified up to a fluence of about
1x10*'n/em?® and then relaxed, so there is a peak stress point around that fluence level.
The quick rising of stresses is due to pyrocarbon shrinkage, and the gradual stress
relaxation is the result of pyrocarbon radially turning around, pyrocarbon creep, and
internal pressure. It is seemly counter-intuitive that the internal pressure is a stress
relaxing factor. Again we give the explanation with the aid of Figure 2-38. We already
know the high stresses, cither tensile or compressive, in layers mainly come from the
strain mismatch of PyC and SiC. In the upper lefi drawing of Figure 2-38, internal
pressure pushes the IPyC layer in the direction which the SiC layer wants it to go, in
other words, mitigates the separation potential between IPyC and SiC layer. This is
clearly demonstrated if we also take a look at the stresses of Type 2 particle in Figure

2-36 and Figure 2-37. Type 1 and Type 2 particles have the same density and anisotropy
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for pyrocarbon and the same irradiation condition, but Type 2 particle has a much bigger
fuel kernel which produces more fission gases. From Figure 2-36, we scc the internal
pressure (radial stress at IPyC inner surface) grows higher than that of a Type 1 particle,
which alleviates the stresses in a Type 2 particle. We can then conclude that factors such
as high temperature, big fuel kernel, and thin buffer layer which contribute to high
internal pressure are favorable at early stage of irradiation from stress point of view. The
effects of various parameters on fuel performance will be discussed in great detail in
Chapter 4. Another point we want to make is that the SiC layer is a strong shielding layer.
From Figure 2-35 and Figure 2-37 we find the tangential stresses in the OPyC layer is
essentially unaffected by what is going on inside the SiC layer, and vice versa as we will
see later in other studies.

Finally we take a little time to study thermal stresses in Type 1 particle if it
experiences a temperature rise of 1000°C from 20°C to 1020°C. Suppose the particle is a
fresh one, i.e. as-fabricated fuel particle, and the density of IPyC and OPyC layers is
1.9g/cm’. According to the formulations of thermal stress presented in Appendix A, we
are able to use anisotropic elastic constants of pyrocarbon here. The elastic constants and
thermal expansion coefficients are listed in Table 2-21 as a function of BAF; for the IPyC
and OPyC layers. The values are obtained via the formula and approaches given in
Sections 2.4.2 and 2.4.5, and for temperature dependent Young’s moduli, we use the
values at average temperature of 520°C. The Young’s modulus of SiC turns out to be

398.9GPa.

Table 2-21. Material Properties of IPyC/OPyC for Thermal Stress Analysis

BAF,
Property 1.0 1.1 1.2 1.3 1.4
Ey (GPa) 27.40 28.82 30.25 31.67 33.09
E; (GPa) 27.40 26.13 24.86 23.60 22.33
Vor 0.235 0.251 0.269 0.286 0.301
Vo 0.235 0.219 0.204 0.189 0.176
Vio 0.235 0.227 0.221 0.213 0.203
ap (10°%/°C) 5.56 527 5.02 4.78 4.57
a; (10°%/°C) 5.56 6.45 7.29 8.08 8.82
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The thermal stresses are plotted in Figure 2-39 and Figure 2-40. Firstly in the case of
isotropic pyrocarbon layers and a sudden temperature rise of 1000°C, the magnitude of
thermal stresses is about 10% of the overall stresses. Secondly, thermal stresses with
positive temperature change generally counteract the overall stresses, if we compare these
two figures with Figure 2-32 and Figure 2-33, therefore lower the maximum stresses in
layers. Thirdly, we find that as IPyC and OPyC become more and more anisotropic, the
thermal stresses in layers tend to reduce and flip over. This is the consequence of self-
induced stresses in pyrocarbon layers due to anisotropic thermal expansion and the
interaction between SiC and PyC layers. When the PyC layers are isotropic (o = 5.56x10°
6/°C), they thermally expand more than the SiC layer (a = 4.9x10%/°C). Therefore, the
IPyC layer is radially compressed and the OPyC layers is radially stretched, as we see in
Figure 2-39. But at BAF, of 1.4, if we look at the IPyC layer alone, it tried to expand
more radially than tangentially, as a result, it is self-stressed with radial restriction and
tangential stretch and the resultant thermal expansion could be less than that of the SiC

layer, which causes the flipping of the whole interaction situation.
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Figure 2-39. Radial thermal stress distribution in Type 1 particle with AT of 1000°C
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2.5. Mechanical Fuel Failure Model

2.5.1. Pressure Vessel Model and Weibull Strength Theory

In Chapter 1, we have reviewed the coated fuel particle failure mechanisms. The most
popular mechanical fuel failure model that everyone has been using is the pressure vessel
model. Its idea is fairly simple as the evaluation of pressure vessel failure. When the
internal pressure in a pressure vessel is high enough so that the induced tensile stress in
the wall of the vessel exceeds its fracture strength, the rupture of the wall will occur. Here
for coated fuel particles, this model works in conjunction with the Weibull strength
theory.

The Weibull statistical strength theory is established based on the weakest link
hypothesis, which says the weakest link in a structure determines the strength of it. The

idea is that when there is a population of flaws in a material, their sizes are likely to fall
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into a certain statistical distribution which is characterized by some material properties or
parameters, and such distribution implies a distribution of strengths. Weibull theory is
used to link the probability of incipient failure to the relative position of stress state on
that strength distribution. The conventional form of the two parameter Weibull strength
theory if assuming volume flaws is as follows [74][75]

B
P, =1-exp| - j[i] dav |, (2.87)

Gy

where

Pt 1s the probability of incipient failure,

o is the distributed uniaxial stress (MPa),
o¢ is characteristic strength (MPa.m*"), and
B i1s Weibull modulus.

This theory has been quite successful in predicting the strengths of brittle materials
[76]. The flaw types that the theory can treat include volume, surface, and edge flows, but
usually volume flaws are assumed for fuel particle coatings because data are not
sufficient for other types. Weibull theory does not consider slow crack growth and
propagation, and that is why incipient failure is specified and it is suitable for brittle
materials in which catastrophic failure occur.

When there are mutliaxial stresses, the principle of independent action [77] is used
with Weibull theory to give
P (o0, ,0,)=1- P =P (0))7, (Uz)Ps(cz)a (2.88)

where P; is the probability of survival, and 6, 2, o3 are principal stresses.

Another thing we need to address is that Weibull theory is applicable when
microscopic cracks or flaws prevail, but if there is a macroscopic crack created
previously or intentionally introduced such as in fracture mechanics test specimen, it is
not applicable any more because the special crack does not obey the distribution of flaw
sizes. In that case we must consider fracture mechanics for solutions, which is exactly
what the crack induced fuel failure model, developed in this research, is based on.

The characteristic strength is apparently dependent on structural properties such as

porosity and grain size. The strength of a brittle material is known to depend negative
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exponentially on porosity according to Ryshkewith [78} and Duckworth [79], and on the
inverse square root of grain size based on the studies of Orowan [80], Petch [81], and
Knudsen [82].

2.5.1.1. Weibull Strengths of Pyrolytic Carbon and Silicon Carbide

(1) Pyrolytic Carbon

Based on the three-point bend strength test data from Kaae [47], regression analysis
on Weibull modulus was performed by Ho [37] with respect to BAF; to get
B=10.1-0.587BAF,, (2.89)
which accounted for 83% of the variance in data. B is not sensitive to BAF,, at least for
the nearly isotropic pyrocarbons we encounter as structural coatings of fuel particles, so
for practical purpose, it is assumed that
=95, (2.90)
independent of other parameters, including irradiation temperature and neutron fluence.

Similarly, the relationship of o to BAF, at p of 1 9g/cm’ is obtained by Ho [37] as
o,(p =1.9)=154.46 BAF;} —141.1BAF, (MPam®"”), when p=9.5, (2.91)
which accounted for 96.4% of the variance. This relationship is based on the BAF, range
of 1.007 to 1.041 in [47]. The strength remains constant in the density range of 1.8 to

2.0g/cm’, and decreases when the density is less than 1.8g/cm’ [48]. The following

density dependence is obtained,

o, =0,(p=19), 1.8<p<2.0g/cnm’, (2.92)
o, =(1.241p-1234)5,(p=1.9), 1.1<p<18g/cm’,

o, =(0.644p-0577)0,(p=19), 1.0<p<l.lg/cm’,

6, =0.0667c,(p=1.9), p=1.0g/cm’.

The dependence of characteristic strength on temperature and irradiation is assumed to be

r¢lated to the corresponding dependence of Young’s modulus by

Oy

. E 172
— =[ : J , (2.93)
o, E

according to the assumption of constant strain energy at failure.
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In modeling practice, it is not very convenient to use characteristic strength due to its
special dimension. When dealing with individual particles, we prefer to use fracture
strength that can be compared to stresses directly. Unlike the characteristic strength, the
fracture strength depends on the volume and stress state of a component, so it is not a

property. The fracture strength oris defined by

B
P, =1—exp —(i‘—J , (2.94)
Gy
so in multiaxial stress state, from eqs. (2.87), (2.88), and (2.94) we get
’ s, Y} s Y
{i] - 2](—9] dV+J( J v, (2.95)
c, o, o,

where o, and oy are stresses in radial and tangential directions in certain layer,

respectively. Generally we omit the radial component term because the average radial
stress in layers is much lower than the tangential stresses as shown in Figure 2-32, so the

contribution to the above equation is small. We then substitute 6 with G, in the above

equation and derive

G, 0
Gf = —Op,e_l/ﬂ . (296)
2 foe av)
If the stresses are uniform in a layer, then we have a simpler form of
o
G,= (21,/;1/13 . (2.97)

We take a Type 2 particle as given in Table 2-20, assume uniform stresses in each
layer, and calculate the strengths of its IPyC and OPyC layers. The results are shown in
Figure 2-41. Here the IPyC strength is slightly higher than the OPyC strength because the
OPyC layer has a larger volume, which provides more probability of including a larger
flaw. We see that the strength rises quickly with BAF,, which is reasonable because
better alignment of graphite crystallites inherits higher strength from the strong covalent
bonds of in-plane direction in graphite. The dependence on BAF, may not be able to
extrapolate to BAF, of 1.2 as in Figure 2-41, but it should be applicable when BAF, is
below 1.1.
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(2) Silicon Carbide

For silicon carbide, a Weibull modulus $ of 6 is recommended by Ho [37] based on
data from Evans (3 to 8) [83], Briggs et al. (6.6 to 8.4) [84], Bongartz et al. (4 to 9.4)
[54], Bullock (9) [85], Ketterer (5.4 + 0.8) [86], and Nemeth et al. (6.6) [87]. High
temperature SiC strength data from Gulden [52] and Yavuz and Tressler [56] indicated
that the strength variation measured by Weibull modulus is not dependent on test
temperature up to about 1250°C, so a constant value of B is assumed in this work.

For a B of 6, the characteristic strength of SiC is given by [37]
G, = 9.64MPa-m*'? . (2.98)
Due to the discrepancy in data with varying temperature and irradiation conditions, the

temperature and irradiation effects on characteristic strength of SiC is not considered.
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2.5.2. Crack Induced Fuel Failure Model (CIFM)

Failure of a coated fuel particle occurs when all three structural layers of it are failed.
In Figure 2-35, we see that tensile stresses in IPyC and OPyC layers may be high enough
to fail these two layers, and the pressure vessel failure model is able to capture that.
However, the SiC layer is in compression most of the time, and pressure vessel failure
will not occur. Yet, experiments showed whole particle failures which were not
accounted for by the pressure vessel model and Weibull theory. One typical example is
the irradiation program for the New Production-Modular High Temperature Gas Cooled
Reactor (NP-MHTGR) conducted in early 1990s [88]. In the 1980s, the United States and
Germany began to exchange information on techniques for fuel fabrication and fuel
performance modeling for gas reactors. The U.S. fuel performance models were assessed
based on the German performance database, and at that time it was believed that all the
fuel manufacturing problems had been corrected and U.S. could make high-quality fuel
like the German fuel which had shown superior performance. Three capsules called
NPR1, NPR2, and NPRI1A were made and believed basically to be the same as the
German fuel. However, from the 221,136 particles in the three NPR capsules that were
irradiated, about 700 particles failed at fairly early stage of irradiation, which amounted
to 0.32% of the irradiated particles. The U.S. fuel performance models, based on the
pressure vessel failure model, predicted no failures in any of the capsules. Although
closer examination of NPR fuel and German fuel revealed differences in the fabrication
and irradiation of the two types of fuel which affect the strength and layer interaction of
the particle [89], it is certain that the pressure vessel model misses something. In fact, it
was stated in [88] that the most probable of the causes was mechanical failure of the SiC
layer induced by the concentration of tensile stresses in the SiC in the vicinity of cracks
in the IPyC layer. In compact metallography, IPyC failures were observed without SiC
failures, but all through-wall cracks in the SiC were found to be in the vicinity of IPyC
cracks, as shown in Figure 2-42.

It was not until recently that people began to model this phenomenon. G. Miller et al.
[90] used a finite element method to calculate the maximum principal stress in the SiC

layer at the tip of a preset through-IPyC crack. The stress turned out to be tensile and was
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fed into the Weibull theory to predict SiC failure probability. However, this approach has
some problems. Firstly, the crack tip stresses are very semsitive to the type of finite
elements and mesh size. Actually special finite elements are needed for the crack tip [91]
- [93], but the authors didn’t specify in their paper whether such treatment was given.
Secondly, to initiate failure, stress not only needs to exceed the critical stress of the
material but also needs to span enough number of grains, so using the maximum stress at
one point is not very convincing. Thirdly, as discussed before, Weibull statistical theory
is not applicable in this case. These problems are exactly what a fracture mechanics

approach could solve. Therefore, in the model developed here, we use fracture mechanics

to model the failure induced by pyrocarbon cracks.

~ Radial crack in IPyC

Debonding of 1IPyC from SIC

SIC croek searby IPVC crack

Figure 2-42. Radial cracks in the SiC layer near a crack in the IPyC layer (from Hobbins
[88])
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2.5.2.1. Simplified Crack Induced Fuel Failure Model

Figure 2-43. Schematic of a coated particle with instantaneous through-IPyC crack

The crack induced failure model is based on the sequential propagation of cracks
through pyrocarbon layers and then through the SiC layer. A crack initiated in one of the
pyrocarbon layers induces a local stress concentration in the SiC layer. If the local stress
concentrator results in a value of crack tip stress intensity that exceeds the fracture
toughness of the SiC layer then failure is assumed to occur. In this section we develop
first a simplified failure model based on instantaneous stresses and then extend the model
to more realistic conditions.

As a first attempt to model a through-thickness crack in pyrocarbon layers adjacent to
the SiC layer, we use linear elastic fracture mechanics (LEFM) with the following

simplifications. We denote this model CIFM1. The validity of LEFM is supported by the
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fact that brittle materials like pyrocarbon and silicon carbide would rather crack than
undergo plastic flow when loads increase to a certain extent. The configuration of a

particle with an instantaneous through-IPyC crack is shown in Figure 2-43.

(1) We use the IPyC layer for example. Suppose that stresses induced by internal
pressure and pyrocarbon shrinkage result in the failure of the IPyC layer, which is
captured by the pressure vessel failure model. Then we assume a radial crack is
formed due to high tangential stresses and propagates catastrophically through the
[PyC thickness and circumferentially until it forms a cracked ring as shown in the
figure. Fracture in brittle materials and some particle micrographs support the view
that nothing will stop the cracking in the circumferential direction. The first
simplification in this initial model is that we do not to allow stress relaxation and
redistribution after initial PyC cracking though cracking consumes strain energy and
the IPyC layer loses its strength as a structural layer. This treatment alone would
overestimate the stress concentration and the overall particle failure probability.

(2) Secondly, the evaluation of stress concentration due to [PyC crack is instantaneous.
That 1s to say IPyC cracking is like a spike to the SiC layer. If the spike does not
break the SiC layer, it will not happen later and we no longer keep track of this
particle. This obviously cut off the failures of the SiC layer after IPyC failure, and
will underestimate the overall particle failure probability.

(3) At a crack tip, a stress singularity exists and the stress is not an appropriate indicator.
The stress intensity factor K is a measurement of stress concentration around a crack
tip in fracture mechanics, and for the opening mode (mode I) with which the load is

perpendicular to the crack surface, the associated stress intensity factor is called K|,
given by [94]

K, = yona, (2.99)

as the one shown in Figure 2-43. In this formula, a is the crack length, o is the far-
field stress and y is a shape factor modified by the structure and configuration of the
cracked body. K; has an interesting dimension of MPa.(um)”z.

In a layered structure like the coated fuel particle where materials have elastic

mismatch, the expression of K; will be much more complicated. Also the spherical
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shape will add corrections. In this version of crack induced fuel failure model, we use
the simplest form of eq. (2.99) with y equal to 1.

(4) When the SiC layer 1s failed by IPyC or OPyC cracking, it is assumed that the
remaining PyC layer 1s also failed subsequent to crack propagation from the SiC
layer. Therefore with this model, the predicted overall particle failure probability will

be the same as the predicted SiC layer failure probability.

To evaluate this type of fuel failure, we compare mode I stress intensity factor K; with
fracture toughness K¢ of silicon carbide, which quantifies the material’s resistance to
fracture. K¢ will be discussed below in Section 2.5.2.3. If K is greater than K¢, then SiC
layer is cracked catastrophically at the same time of PyC cracking. One detail of the
calculation of K is that due to the compressive stress in the SiC layer, we add a

correction as

K, =o,(PyCWna + 6 (SiCWnc , (2.100)

where ¢ 1s an inherent surface flaw size of the SiC layer. Evans et al. [83] showed that
internal flaws in SiC coatings are pores less than 0.5um in diameter, but scanning
electron microscopy shows the largest flaws are nodular irregularities at the surface,
which in profile resemble surface cracks with a microscopically sharp tip. These flaws
are up to 20pm deep. In actual fuel particles the SiC layer is only about 35um thick, so
the average surface flaw size should be much smaller. Gulden [52] found that the grains
in CVD SiC are generally columnar, and their diameters range from lum to 15um
depending on deposition temperature. Below deposition temperature of 1600°C, the grain
diameter is less than 4um. If we assume the surface flaw size is comparable to the grain

size, the average value of ¢ is estimated to be 1 ~ 2pm.

2.5.2.2. Improved Crack Induced Fuel Failure Model

The development of simplified and improved crack induced fuel failure models
reflects the path we take to deal with this type of failure. We call the improved model

CIFM2. After the formulation and some exercise that will be shown in Section 3.2.2, we
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want to seek solutions closer to the physics of crack growth and propagation in layered

structures. First of all let’s look at Figure 2-44 taken from Hutchinson and Suo [95].

20 T T L T T T ¥ '[ T T T I T T ¥ T ¥ T
- T T e e
-
g
ot %%-{
b +
| a
"b - @ @ .
wd g h ™ 4
- 05 A
5 —]
T p=aud =0
I ///'G 5 )
L. e .
- -0.99
0 1 [ i L 1 ]_ 1, i 1 J i L i l 1 d 1
0 4 <] a
ah

Figure 2-44. Driving force available for an edge crack at various depths a/h (from
Hutchinson and Suo [95])

The figure plots the strain energy release rate G (driving force) of an edge crack in
material 1 of a bi-material configuration. Two parameters called Dundurs elastic
mismatch parameters [96] need to be introduced. The parameter a measures the mismatch
in the plane tensile modulus across the interface of two materials, and is given by

G,(k, +1)-G,(x, +1)
o = ’ (2.101)
G, (K2 + 1)+ GZ(K1 +1)

where

G and G, are the shear moduli of material 1 and 2, respectively,
K =3 - 4v for plane strain and k = (3 - v)/ (1 +v) for plane stress.
The parameter f measures the mismatch in the in-plane bulk modulus, and is given by

_ Gl(“z "1)“Gz(‘<1 ~1)
Gk, +1)+G,(k, +1) (2102)
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Figure 2-45. Energy release rate for a plane strain crack with the tip in the substrate (from
Hutchinson and Suo [95])

Generally if material 1 is harder (higher Young’s modulus) than material 2, o is
positive; otherwise, « is negative. In our case if matenal 1 is pyrocarbon and material 2 is
silicon carbide, then typical values of a and B are -0.847 and -0.202, respectively,
indicating silicon carbide is much harder than pyrocarbon. Looking at Figure 2-44, we
see that as the crack approaches the interface of PyC and SiC, the driving force plummets
when a is about 99% of the thickness of the PyC layer, which means the crack stops right
before it penetrates the entire PyC layer. It would thus appear that the driving force for
crack propagation would drop to zero and the crack would stop just before the interface.
However, in this case other mechanisms act to allow for further crack advance to the
interface. Due to creep crack growth [94] and fatigue loading from environment
temperature variation, the remaining small ligament could be broken, and the main crack
connects to the surface flaws we have talked about in the SiC layer. Figure 2-45 gives the
energy release rate for this scenario. When this happens, the driving force rises again and
crack propagation in the SiC layer is made possible. Other scenarios may be possible

depending on the magnitude of driving forces. For example, the radial crack in the IPyC
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layer may deflect and cause debonding of the interface, and then kink into the SiC layer
at another location, as shown in Figure 2-42. Such possibilitics will be discussed in

Chapter 6 and is beyond the scope of this thesis.

Knowing the above described picture of crack growth and comparing it with the
simplified crack failure model CIFM1, we make the following improvements.

(1) Since we know that crack propagation is not instantaneous, we allow for stress
relaxation due to crack growth in a PyC layer and stress redistribution because the
boundary condition changes when the PyC layer loses its structural strength. The
details of estimating stresses in the cracked PyC layer and the stress analysis for intact
layers under various boundary conditions are given in Appendix A.

(2) If the cracked PyC layer is tightly bonded to the SiC layer, further irradiation may
cause the stress in the cracked layer to rise. So even if the SiC layer is not failed by
PyC cracking, failure could occur due to the presence of the crack and higher
concentration of stresses as irradiation proceeds. This effect is now included in
CIFM2.

(3) Lastly, we implement a better calculation of the stress intensity factor. We find
solutions for a cylinder with a crack ring, which is thought to be the closest case to
the cracked particle layer, from Tada et al. [97]. For the IPyC layer, the \crack is

initiated from its inner surface, then we have

K, (1PyC) = 0413— 222/ sr (o ) fnay (2.103)

1fl—a/ir3 —rzi %

where 7, is the average resulting stress in IPyC layer after cracking, and the other

variables are shown in Appendix A.

For the OPyC layer, the crack is initiated from its outer surface, then we have

K,(0PyC) = 0413052 () frame (2.104)

Ji—allro-r) "

Notice that eqs. (2.103) and (2.104) are for crack tips in the cracked PyC layers, when

the IPyC crack joins a surface flaw of the SiC layer, the contribution to the tip of the

surface flaw is

K, (IPyC)Jelay,e (2.105)
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because the crack tip stress field is continuous and the stress intensity factor is
proportional to the square root of crack length. Finally we add a correction due to

compressive stress in the SiC layer, as in eq. (2.100), and get

K, (SiC)= K, (IPyC)Jc/ ay, . +5,(SICWre (2.106)

for a crack initiated from the [PyC layer, and

K, (SiC)=K,(OPyC)\Jc/ ayy,. +5,(SiC e, (2.107)

for a crack initiated from the OPyC layer.

The model CIFM2 assumes that small ligament takes no time to break, so as soon as a
crack is formed in certain PyC layer and relaxed, it connects to SiC surface flaws. The
consequence of this assumption is underestimating the time to failure of particles, as will

be seen from simulations of NPR experiements in Section 3.2.

2.5.2.3. Fracture Toughness of Silicon Carbide

Before we collect the data for the fracture toughness of silicon carbide, we want to
show the relationship between fracture toughness and fracture energy (surface energy for

failure). It is known that the material resistance to crack extension Gc is given by
G. =2y,, (2.108)

where yr is the surface energy. Also G is linked to K¢ by

2
_ K - for plane strain condition, (2.109)
E /il—v )

C

then we get

f 2F
K, = ﬁf;— , for plane strain condition. (2.110)

Evans et al. [83] estimated the value of y; to be 20J/m® for SiC coatings of fuel
particles, and concluded that the value is not affected by temperature up to 1300°C. If we
take the interpolated value of 367GPa for E at 1000°C from Table 2-13 and plug numbers
into eq. (2.110), we get 3864MPa.um'?. The following table is a survey of SiC fracture
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energy and fracture toughness. When fracture toughness data are not provided, we use the

above relationship to calculate them.

Table 2-22. Fracture Toughness Data for SiC

SiCT T Kic Yt Measurement Comment and
- Ype (°C) | MPapum'®) | (J/m?) Method Reference
B, polycrystal | 23 2800 - ICS Slavin & Quinn [98]
CVD, * // direction,
polycrystal 23 3728 16 AMDCB Freiman et al. [99]
CVD, % 1 direction,
polycrystal 23 4271 21 AMDCB Freiman et al. [99]
' Morton Adv. Mater.
- - 3300 - - [100]
Polycrystal 23 4716* 25.6 SENB Simpson [101]
23 3658* 154 DCB Simpson [101]
E =410GPa
* »
Polycrystal 23 4746 27 SENB McLaren et al, [102]
Polycrystal 23 3610% 15 DCB 1[\1482}16‘”5 ctal
Polycrystal 23 4168* 20 AMDCB Rice et al. [104]
Polycrystal 23 4372% 22 AMDCB Rice et al. [104]
Polycrystal 23 3954* 18 AMDCB Rice et al. [104]
Polycrystal 23 3100 ) ICS ][51‘635“]5 & Charles
Single crystal 23 3300 - SENB Henshall et al. [106]

( *: calculated using eq. (2.110). SENB: Single Edge Notched Beam, AMDCB: Applied
Moment Double Cantilever Beam, DCB: Double Cantilever Beam, ICS: Indentation
Crack Size)

The values in the table range from 2800 to 4746 MPa.um'? at room temperature. If
we assume K¢ scales as the square root of E as in eq. (2.110), then the data fall into the
range of 2600 — 4400 MPa.urn”2 at 1000°C, which 1s about the average irradiation
temperature of the SiC layer. Based on this information, we choose to use Kjc = 3500
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MPa.um™* for the temperature range of interest in HTGRs.

2.5.3. Fuel Particle State Diagram

The pyrocarbon crack induced fuel failure models address the issue that the failure of

the entire particle experiences a series of stages (states) which are connected by various

111




failure events in the structural layers, and the occurance of one state depends on the
previous state and what happens at that state. To facilitate the modeling of such failure
scenarios, we can borrow the idea of a finite state diagram from electrical engineering
and construct a fuel particle state diagram that works closely with our failure models. The
diagram is shown in Figure 2-46. Each state in an oval box is associated with some

analysis and is monitored by a number of flags.

@ Particle State

Analysis Type

Transition Flag

Figure 2-46. Coated fuel particle state diagram

(1) Particle State. The particle state is represented by a three-digit symbol in parenthesis,
in the order of IPyC, SiC, and OPyC layer. ‘I’, ‘S’, ‘O’ symbolize the intact state of
those layers, respectively. We use ‘F’ for a mechanically failed layer. We also
introduce a symbol ‘C’ for a cracked but structurally functional layer due to the fact
that a cracked layer in compression can behave like an intact layer, which has to be
differentiated from a failed layer. From the stress analysis we presented in previous
sections, we see that only the SiC layer may fall into this category. For example,
(FCO) means the IPyC layer is failed, and the SiC layer is cracked but under
compression. (ISO) means all the layers of the particle are fine.

(2) Analysis Type. The whole set of mechanical analyses includes 1SO3, IS2, SO2, 11,
S1, and O1, which are detailed in Appendix A. ISO3 is the three layer stress analysis.
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IS2 combines the stress analysis for IPyC and SiC two-layered structure and the stress
estimation in failed OPyC layer presented in Appendix B. The remaining analyses are
analogous. Right now we don’t implement 11 and O1, and we assume when either
pyrocarbon layer and the SiC layer are failed, the other pyrocarbon layer is not strong
enough to withstand the stresses and hence is also failed. Notice in Figure 2-46 that
for the state (FCO) we use analysis SO2, because, as just described, the cracked SiC
layer is still able to support the OPyC layer in such a case.

(3) Transition Flag. The flags are by the side of arrows in the figure and are constantly
updated by the fuel failure models, both the pressure vessel failure model and the
crack induced failure model, during simulations. The flag ‘I’ (true) indicates the
failure of the IPyC layer, and ‘I’ (‘I’ is false) indicates the intactness of it. Because of
the special ‘C’ state of the SiC layer, we also introduce a ‘T’ flag specifically for the
SiC layer. ‘T’ and ‘T’ stand for tension and compression in the tangential direction of
the SiC layer, so (ISF) — ST —> (ICF) means the SiC layer is cracked, probably due to
stress concentration from OPyC cracking in this case, but the far field stress in SiC is
compressive. We omit some implicit flags in Figure 2-46 beside self-pointing arrows
for each state. For instance, there should be three flags ‘I’, ‘S’ and ‘O’ for the self-
pointing arrow of state (ISO), because when these flags are false, the particle stays at

this state.

2.6. Simulation of Refueling Scheme in Pebble Bed Reactors

As discussed at the beginning of this chapter, the analysis requires that we build into
the model the capability of simulating the virtual irradiation environment that pebbles and
particles would encounter in pebble bed reactor systems. The pebble bed reactor fueling
scheme consists of a number of cycles, typically 6-10, where a particular pebble is fed to
the top of the core in a random manner. Once the pebble is introduced it will follow a
streamline that is defined, to first order, by the location of entry. The core shape can be
approximated by a right circular cylinder with a cone-shaped exit region. Fuel pebbles
flow through the system in much the same way that sand flows through an hourglass.

When a pebble exits the core its burnup and failure status are checked. If the end of life

113



burnup has not been reached and the pebble contains no failed fuel particles it is recycled
to the top of the core where it is introduced once again, as shown in Figure 2-1. However,
the ultimate streamline that the pebble follows during a particular pass through the core is
independent of the streamline of the previous and subsequent passes. Thus, the actual
power history for a particular fuel particle is determined by a random process. Unlike the
case of the Light Water Reactor (LWR) where a particular fuel element has a fixed
location during each cycle and the fuel manager can shuffle the fuel to optimize
performance and reliability, the pebble-bed fueling scheme lacks this flexibility. While
from a reliability standpoint it may be advantageous to arrange the exposure such that a
fuel element sees a decreasing power density with increased burnup, this is not possible
for the pebble-bed reactor. A realistic assessment of pebble-bed fuel reliability thus
requires that a fuel performance model be able to accommodate such a fuel management
scheme. To do this, the model must have realistic power and neutron flux distributions,
which are obtained by running the VSOP code which was developed in Germany for the
pebble-bed system [107]. The VSOP code provides power, neutron flux, and burnup
distributions as a function of both time and position (both axial and radial) within the
pebble-bed core. A pebble (and a selected fuel particle) is randomly re-circulated
through the reactor core for the appropriate number of cycles, tracing streamlines
determined by the random entry point, thus generating a unique power history for the
pebble. At the same time, variables such as neutron fluence, and burnup are
accumulated.

Figure 2-47 shows a schematic of the VSOP model for the reactor. The model is a
two-dimensional axisymmetric one to represent three-dimensional cylindrical core.
Channel 1 is a central graphite reflector. The fuel portion of the model is divided into 4
“channels” (channel 2 to 5) each of which is segmented into 9 to 15 spatial “blocks”.
Each block is filled with pebbles from 11 “batches”, which account for different burnup
levels. For example, batch no. 5 consists of pebbles which have passed through the core
four times. This mixture of batches in each block accounts for the fact that individual
pebbles in a block may have been through the core a different number of cycles. Thus in
a steady state core, the space dependent information is provided by the blocks and the

time dependent information by batches. VSOP provides power peaking factors, burnup,
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and fast neutron flux down to the batch level. To obtain the local power within a block,
for a given batch of fuel, it is necessary to multiply the core average power by the
peaking factor for that batch. To obtéin the actual power density for a pebble within a
batch (corresponding to a particular bumup) the packing fraction of the pebbles must be

taken into consideration. This number is typically about 0.7 in the ideal case but closer to

0.6 in real cases.

Typical Block
(11 Batches)

Channels

(5,4‘,2,1)

Reflector
Coolant

Control

Reflector
(Channel 1)
Fuel
(Channels 2-5)
Shutdown

Pressure
Vessel

Figure 2-47. VSOP model of a typical pebble bed ractor core

We have obtained two sets of VSOP results on two configurations of pebble bed
reactor cores. The first one which we call MPBR1 was shown in Figure 2-47. In this
configuration there is a central graphite reflector of about 1.4m in diameter, and a mixing
zone modeled by channel 2 of pure graphite pebbles and fuel pebbles is immediately
adjacent to the reflector. Only three channels are filled with pure fuel pebbles. In the
second configuration which we call MPBR2, the mixing zone 1s no longer there, and the
pebble discharge at the bottom of the core is at a radial position of 1.55m instead of on
the central line. The VSOP sctup for these two types of cores is shown in Figure 2-48,

with the bars marking the positions of blocks.
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Figure 2-48. VSOP setup of two MPBR cores

Beside the above difference, the specifications of two MPBR cores that VSOP
modeled are quite different. They are listed in Table 2-23. Actually the parameters of
MPBRI1 have already been given in Table 2-8 in the section of thermal model, but here
we list them again for comparison purposes.

The power distribution of MPBR2 is shown in Figure 2-49, and the power peaking
factor histograms are plotted in Figure 2-50 and Figure 2-51. The power distribution is
the volumetric power density in blocks obtained by averaging over 7 batches in blocks.
The power peaking factors are down to the batch level. As we have discussed in Section
2.3.3, the high peaking factors in MPBR1 all come from the mixing zone, and they could
be an artifact from numerical calculation to find equilibrium of a local position with its
surroundings. However, compared with Light Water Reactors, the maximum peaking
factor in MPBRs is likely to be higher because of the random introduction of a fresh fuel
pebble to a high neutron flux region. Comparing Figure 2-50 to Figure 2-51, we find the
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peaking factor distribution of MPBRI1 is like that of MPBR2 overlapped by a scattering
of high peaking factors provided by the mixing zone. However, the shapes of two

distributions in the range of 0 — 3 are different due to some reasons.

Table 2-23. Specifications of VSOP Modeled MPBR Cores

Parameter MPBRI1 MPBR2
Core Height (m) 10.0 11.0
Core Radius (m) 1.75 1.85
Thermal Power (MW) 250 400
Coolant Helium Helium
Core Inlet Temperature (°C) 450 500
Core Outlet Temperature (°C) 850 900
Average Power Density (MW/m?) 3.652 4.777
Max. Power Peaking Factor 5.27 2.74
Min. Power Peaking Factor 4.44E-5 2.70E-5
Coolant Mass Flow Rate (kg/s) 118.0 154.6
No. Pebbles in Core 360,000 451,600
No. Particles per Pebble 11,000 15,000
Pebble Cycling Times 10 6
No. VSOP Blocks 57 93
No. VSOP Batches per Block 11 (10 effective*) 7 (6 effective*)
Pebble Fuel Zone Radius (mm) 25.0 25.0
Pebble Radius (mm) 30.0 30.0

(*: one additional batch is added for numerical calculation purpose.)
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Figure 2-49. VSOP calculated power distribution in MPBR2
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Figure 2-50. VSOP calculated power peaking factor distribution for MPBR1
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Figure 2-51. VSOP calculated power peaking factor distribution for MPBR2
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Figure 2-52. A power history and corresponding particle temperature history in MPBR1
(symbols for clarity)
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Figure 2-52 shows a sampled power history and the corresponding fuel kernel center
temperature history for a Type 2 particle as given in Table 2-20. In a simulation of one
million particles, we would get one million power histories like the one in the figure for
them. As Figure 2-52 illustrates, the particle experienced ten cycles through MPBR1
core, and the peak power in the particle, while generally decreasing with cycle number
due to a reduction in fissionable material, is exposed to a number of cycles where the fuel
is “driven” by fresh fuel in the batch. Also, while the average temperature is a generally
decreasing function of time, there are cycles where the fue] temperature does not follow
this general trend. Such behavior is fundamentally different than what would be the case
for a stationary fuel system in a prismatic core and will have a significant effect on fuel

reliability.

2.7. Monte Carlo Sampling of Particle Dimensions and
Materials Properties

The last piece we need before the particle fuel performance model is fully functional
is the Monte Carlo sampling ability. As discussed in Section 1.2, due to the violent
coating process in fluidized beds and the small dimensions of coated fuel particles, we
could expect variations on particle dimensions and their materials properties among the
population of 10'® — 1! particles in a reactor. Over large samples of this size, the
variations can generally be described by some distributions, such as the normal
distribution (a.k.a. Gaussian). What this implies is that the model predictions of fuel
performance are given in terms of fuel failure probability on a statistically significant set
of samples, because we can never be sure whether a specific manufactured fuel particle
will fail during operation.

The question is then how many particles we need to sample and where we get the
information that describes the distributions. Possibly the most controversial aspect of the
pebble bed concept is the contention that the fuel ig sufficiently robust to eliminate the
need for a containment as it is currently defined for the LWR System. It is argued that the
S1C (or ZrC) layer acts as one of the primary boundaries to the release of fission products

during an accident. For the SiC layer to serve this purpose the failure probability, among
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other requirements, must be less than a value on the order of 1 part in 10°. As a practical
matter, this means that at least a million individual particles for which particle
dimensions and properties are assigned by sampling from appropriate distributions should
be examined by the model. In the case of LWR fuel it is possible to inspect each fuel
pellet to insure that fabrication requirements (enrichment, dimensions, density, etc.) are
met. While the outside dimensions of the particles can be checked, the individual layer
thickness values, fuel kemel diameter, and layer mechanical and physical properties
cannot be individually verified. Complete inspection requires that the particle be
destroyed. For this reason, the dimensional data for actual particles will consist of: (1) a
distribution of outside diameter values that have been determined by a go, no-go test to
insure that the particle outside diameters are between the specified limits and (2) a set of
layer dimensional distributions that will have been determined by inspecting a selected
number of particles destructively. The distributions of material properties such as
densities and BAFs are also estimated by inspecting a collection of particles one by one,
and 1t 1s obvious this collection 1s much smaller than the number of particles in a reactor
core. We have shown in Section 2.5.1.1 that coating material fracture strengths are
characterized by the Weibull distribution and the associated parameters are estimated by
crushing tests as in references [53] and [84]. For particle dimensions and other material
properties, experimental tests generally suggest that a normal distribution apply. But a
normal distribution covers the range from - to +eo, which is boundless. We need a
choice of finite distributions for a property or characteristic which reflects the fact that, in
real life-cases, it is physically impossible for a property or physical characteristic to be
outside of some finite range. If one simply uses an unbounded distribution and discards
those unaccepted values, the resulting samples will not be normalized and the effect of
tails will be overestimated. For this reason we chose bounded triangular distributions for
particle dimensions and material properties except for the Weibull strengths of
pyrocarbon and SiC. The triangular distribution is both simple and very close to the
normal distribution (Gaussian) in terms of data scattering coverage within two standard
deviations. For the time being we assume that this is good enough, because the model is
not aiming at getting the absolute value of failure probability right, instead, its ultimate

goal is to capture that certain type of fuel particles performs better in an application than
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others on relative basis. A better distribution, i.e. truncated normalized normal
distribution, could be used later as a refinement of the overall model. Nevertheless, we

take a little time to discuss the normal distribution.

2.7.1. Normal (Gaussian) Distribution

Many random variables of practical interests obey the normal distribution or at least

approximately do. Its probability density function is given by [108]

e
f(x):le_nGe 2’ (2.111)

where p is the mean and ¢ is the standard deviation of the distribution. Figure 2-53 shows

the normal distributions of two cases.
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Figure 2-53. Density of the normal distribution with p of 0 for two values of ¢

The normal distribution is symmetric with respect to its mean value and the standard
deviation measures its spread. Although the distribution extends from - to +oo, most of

the time the variable falls into three standard deviation range from the mean. To run
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Monte Carlo sampling on a normal distribution, we need its cumulative distribution

function, which is

1 ("’-_u)z

Flx)= 26" s, 2.112
(x) ij;e s (2.112)

If we inverse it to get

x = F'(F(x)), (2.113)
and draw uniformly random numbers as F(x) above, it can be shown that the resulting
distribution for x is f(x). Since there is no analytical solution for the inversion of eq.
(2.112), numerical methods [109] exist to do the sampling of eq. (2.11 3).

The probability that x falls into the window of (1 - 6, u + ©) is given by
Plai-c<x<p+0)=F(u+o)-F(p—o)=683%. (2.114)
Similarly, we can get
Pu—20<x<p+20)= Flp+20)- F(p-20)=95.5%, and (2.115)
P(-3c<x<p+30)= Flp+30)- F(u—30)=99.7%. (2.116)

According to the normal distribution, a 1,000,000 case sample on fuel kernel diameter

with a mean of 500um and standard deviation of 20pm is shown in Figure 2-34.
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Figure 2-54. Sampling of fuel kernel diameter with u= 500um and ¢ = 20pm
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2.7.2. Triangular Distribution

The triangular distribution is given by

f(X)=%(x—u+d), (W-d<x<p), 2.117)
f(x)=%(p+d—x), (p5x5p+d).

where 1 is the mean value and the standard deviation is given by

oL (2.118)

J6

The cumulative distribution is

1

)=

(x—p+d), (W-d<x<p), (2.119)

F(x)=1— (].1+d—x)2, (prSu+d).

24’

and the inverse of F(x) is

x=p—d+d\2F, (0= F<05), (2.120)

x=p+d-d\20~F), (0.5<F<1).

As in the normal distribution, F, which is generated by random number generator, is
uniformly distributed, then x will fall into a triangular distribution given by eq. (2.117).

It can be calculated that

Plu-c<x<pu+0)=650%, (2.121)
P(p-20<x <p+20)=96.6%, and (2.122)
Plp—36 < x <p+30)=100%. (2.123)

Now we try a sampling on SiC fracture toughness given in Section 2.5.2.3 with
triangular distribution. The mean value is 3500MPa.um'?, and we choose a standard
deviation of 530.7MPa.um'? to safely cover the range of 2200 — 4800MPa.um'?. The
result of 1,000,000 cases is shown in Figure 2-55.
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Figure 2-57. Histogram of the measurements on OPyC BAF; of NP-MHTGR
Performance Test Fuel (from Bryan [110])

Figure 2-56 gives the measured IPyC thickness from radiographs of 200 NP-MHTGR
Performance Test Fuel particles!, and Figure 2-57 gives the measured OPyC BAF, of 50
particles [110]. The means and standard deviations of IPyC thickness and OPyC BAF,
are 52.9um and 3.68um, and 1.0515 and 0.00622, respectively. The histograms suggest
normal distributions with lower and upper bounds, but applying triangular distribution is

not a bad choice.

2.7.3. Weibull Distribution

The Weibull statistical theory was introduced in Section 2.5.1.1, and here we discuss
how to use it in Monte Carlo sampling. The cumulative Weibull distribution with mean p

and modulus f is given by

p
C,(x)=1 —exp[- [fJ } (2.124)
n

' The New-Production Modular High Temperature Gas Reactor (NP-MHTGR) Performance Test Fuel will
be discussed in Section 3.2.
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Then eq. (2.124) is inverted to give the variate X as a function of the cumulative
distribution:

x = nexp{log[- log(1 - C, )]/ B}. (2.125)

From eq. (2.125) the Weibull distribution is generated by sampling a uniform
distribution for Cy.

Now we choose BAF, of 1.05 and density of 1.9g/cm’ for pyrocarbon, so the
corresponding characteristic strength and Weibull modulus are 22.14 MPa.m*** and 9.5,
respectivley, based on the model in Section 2.5.1.1. For SiC, the characteristic strength
and Weibull modulus are 9.64 MPa.m”® and 6, respectively. Then we run Monte Carlo
sampling and get the plots in Figure 2-58. It can be seen that Weibull distribution is not
symmetric, and it has negative skewness, i.e., bigger tail on the weak side of the
distribution. Weibull modulus measures the spread of variables but depends on the mean
value. For the same mean value, the higher the modulus is, the narrower the distribution

is, as displayed by two curves for SiC.
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Figure 2-58. Sampling of PyC and SiC characteristic strengths
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Chapter 3.

Benchmarking the MIT Fuel Performance Model

The difficulties in fuel performance modeling has been discussed in Chapter 1, and
one of them, due to the nature of tiny fuel particles, is that it is impossible to verify the
detailed stresses and deformation that occur in an individual particle during irradiation
with actual measurement data. What can be provided is the failure history of a big batch
of fuel particles in a fuel assembly as indicated by the release of fission gases.
Additionally, actual failure data can be provided by post-irradiation examinations of
small groups of particles. Typical fuel irradiation experiments are conducted on fuel
compacts which consist of thousands of individual fuel particles. Data collected during
the irradiation include fission gas and product releases, such as Kr*™ and Cs" 7 from all
the particles. Although the monitoring of fission gas release can detect the failure of a
single particle, signaled by an upward jump, it is impossible to narrow the measurement
down to the individual particle level. In other words, it is impossible to determine which
particle has failed. Post irradiation examinations then take some particles, typically on the
order of a hundred, from the compacts for detailed measurements. When the particle
failure probability is low, this number of closely examined particles is not a good
representative of the whole compacts. Nevertheless, this is the place where we can
benchmark our model with actual experimental data. From Figure 2-1 we see that before
the model predicts fuel failures, it has to go through other calculations, the most
important of which is the mechanical analysis, which can only be verified with other
existing model predictions and calculations. Given the above mentioned facts, we have
chosen a three-tier approach to the validation of our model: (1) to compare our model
stress calculations (analytical) with finite element calculations (numerical), (2) to
compare our results with other fuel performance models, (3) to compare our model

failure predictions to fuel failure probabilities from capsule irradiations where possible.
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Tier 1 and 2 are comparisons with calculations, so they are grouped together in Section

3.1. Tier 3 is comparisons with experiments, and it is placed in Section 3.2.

3.1. Benchmarking with Other Model Predictions

3.1.1. Stress Comparisons with FUEL Code

A fuel performance code called FUEL [114] was developed at the Idaho National
Engineering & Environmental Laboratory (INEEL) to implement the closed form
solutions for stresses in TRISO coated particles derived by Miller et al. [112]. As
described in their paper, the radial stresses 6y and oo at the [PyC/SiC and SiC/OPyC
interfaces and the tangential stress 6,0 at the SiC/OPyC interface are calculated by closed
form solution. The value for oy is on the OPyC layer side of the interface, because the
tangential stress is discontinuous at the interfaces. The FUEL code was exercised, with
the same sets of inputs and material models as our model, and the results compared. This
purpose of this benchmarking exercise is to validate the analytical series solution that our
model implements by the closed form solution that FUEL incorporated under certain
conditions.

To make comparisons, we needed to fix the Poisson’s ratio in irradiation creep at 0.5
because this is the assumption that the closed form solution in [112] is based on. We then
choose to run simulations on Type 1 and Type 2 particles used in previous sections. Their
specifications are given in Table 2-20. These two particles have a pyrocarbon density of
1.90g/crn3 and BAF, of 1.03, and they are irradiated at a temperature of 1000°C. To test
our model under a wider range of conditions, we design two more cases derived from
Type 1 particle. The first case modifies the pyrocarbon layers of the Type 1 particle to a
relatively low density of 1.80g/cm3 and isotropic behavior (BAF, of 1.0), and irradiate it
at high temperature of 1300°C. From Figure 2-22 we see that to produce nearly isotropic
pyrocarbon, its density should be generally low and the coating rate should be high. The
second cased goes in another direction to change the pyrocarbon layers of the Type 1
particle to a high density of 1.99g/cm’ and relatively high BAF, of 1.08, and irradiate it at
600°C. The results are shown in Figure 3-1 to Figure 3-4.
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From the plots we sce that the two solutions are essentially identical in all cases.
There are minor differences due to rounding errors and different solution techniques. The
series solution keeps adding higher order terms as presented in Appendix A, until it meets
its convergence criteria, say 10™ of the summation, therefore the series solution loses
some precision compared with the closed form solution. The differences between two
sets of results are generally within 0.5%.

When we designed the cases, there was a reason to associate low BAF with high
temperature, and high BAF with low temperature, because they work on stresses in the
same directions. As will be shown comprehensively later in the parametric study in
Section 4.1, stresses go up with higher BAF and lower temperature. The BAF
dependency is because the magnitude of irradiation induced dimensional changes is
larger with higher BAF, as discussed in Section 2.4.4. The temperature dependency is
primarily because the higher creep coefficient induces greater stress relaxation when the
temperature 1s higher. Comparing Figure 3-1, Figure 3-2, and Figure 3-3, we clearly see
this trend, and we find earlier stress relaxation as the temperature gets higher. In Figure
3-2, the peak IPyC/SiC interface radial stress happens at about 0.5x10*'n/cm?, and in
Figure 3-3, it is about 1.3x10*'n/cm? Next, if we compare Figure 3-1 and Figure 3-4 with
Figure 2-34 to Figure 2-37, we can find the stresses in this exercise are higher due to
fixing v, at 0.5. The effect of v is to be discussed further in Section 3.1.2.

From this part of the comparisons we are confident with the correctness of our

mechanical formulations and their implementations in our computer code.

3.1.2. Stress Comparisons with Finite Element Calculations by INEEL

As part of collaborative efforts with the INEEL, we performed some comparisons
between our analytical stress calculations and the finite element calculations done at
INEEL. Both parties agreed to use the same material database and models given by Ho
[37]. Two selected cases are listed in Table 3-1. Because there are several interpolations
and re-constructions of material data as presented in Section 2.4 of Chapter 2, we chose
the first case to be of isotropic pyrocarbon, whose density is 1.96g/cm3, and the

irradiation temperature coincides with a temperature at which source data are given, so
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that a minimal amount of interpolation would be introduced. The predicted stresses at the

inner surface of the IPyC layer are plotted in Figure 3-5 and Figure 3-6.

Table 3-1. Parameters for Stress Comparisons with INEEL

Parameter Case 1 Case 2
Fuel Type UcCo uco
Carbon to Uranium ratio 0.36 0.36
Oxygen to Uranium ratio 1.51 1.51
U235 Enrichment (%) 93.15 93.15
End-of-life Burnup (%FIMA) 70.0 70.0
End-of-life Fluence (10*'n/cm?) 3.0 3.0
Irradiation Temperature (°C) 1032 1200
Irradiation Time (EFPD) 1095 1095
Ambient Pressure (MPa) 6.38 6.38
Kemel Density (g/cm’) 10.52 10.30
Buffer Density (g/cm’) 0.958 0.958
IPyC/OPyC Density (g/cm”) 1.96 1.90
IPyC/OPyC BAF, 1.0 1.16
Kernel Diameter (um) 200 195
Buffer Thickness (um) 102 100
IPyC Thickness (um) 53 40
SiC Thickness (pm) 35 35
OPyC Thickness (pm) 39 43

In order to illustrate the effect of varying Poisson’s ratio in irradiation creep for
pyrocarbon as shown in Figure 2-27, we show our results for Case 1 by using both a fixed
Poisson’s ratio of 0.5 and varying values essentially according to Figure 2-24. We let it
linearly decrease from 0.5 to 0.4 until the effective octahedral shear creep strain reaches
0.01 and stay at 0.4 afterwards. As Figure 3-5 shows, the two methods produce very
similar results both in terms of the general trend and the peak stress achieved. A small
deviation in the time for peak stress was observed. It is also shown that allowing the
Poisson’s ratio in irradiation creep for pyrocarbon to change may have dramatic influence
on particle stress predictions and, hence, fuel performance predictions. In this case, the
stresses differ by about 90MPa, therefore this phenomenon should not be overlooked in
modeling efforts. The second case has quite high BAFO for pyrocarbon layers and the
temperature is set higher at 1200°C.
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In Figure 3-6, the agreement is not as good. Our prediction is about 50MPa lower
than that of INEEL. It is very hard to say what leads to the difference, but as discussed in
Section 2.4.4, to get dimensional change data of pyrocarbons for arbitrary density from
the source data at density of 1.96g/cm’, we need to go through several steps of
adjustments, and the resulting dimensional change data are fitted into polynomials which
are then used in our model, so it is beyond our knowledge whether the finite element
calculations took the source data the same way. Also, there are many technical details
associated with the finite element calculations that we don’t know. Therefore we could
not trace down the cause of the difference. The comparison for Case 1 should be more

informative and we are assertive to say the agreement is not fortuitous.

3.1.3. Stress Comparisons for HTTR First Loading Fuel

Table 3-2. Parameters of HTTR First Loading Fuel Analysis

Parameter Value
Fuel Type UO,*
U235 Enrichment (%) 9.17
End-of-life Burnup (GWd/T) 66.0*
End-of-life Fluence (10*'n/cm?) 3.0%
[rradiation Temperature (°C) 1300*
Irradiation Time (EFPD) 1320*
Ambient Pressure (MPa) 6.38
Kernel Density (g/cm’) 10.63**
Buffer Density (g/cm’) 1.1%*
IPyC/OPyC Density (g/cm’) 1.85**
IPyC/OPyC BAF, 1.02
Kernel Diameter (um) 600*
Buffer Thickness (pm) 60*
[PyC Thickness (um) 30*
SiC Thickness (um) 25*
OPyC Thickness (p1m) 45%

(*: values provided in reference [116]; **: values provided in reference [115]; chosen
otherwise with engineering judgements.)

The High Temperature Engineering Test Reactor (HTTR) is the first high temperature

gas-cooled reactor in Japan, and it attained its first criticality in November 1998. The
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fabrication of its first loading fuel started in June 1995 [115]. Meanwhile, a coated
particle failure model was being developed at Japan Atomic Energy Research Institute
(JAERI) to predict the performance of the first loading fuel [116]. Key parameters of
HTTR first loading fuel analysis are listed in Table 3-2. Modeling results from Sawa et
al. [116] were presented and we plot them together with our model predictions in Figure
3-7. The irradiation induced dimensional changes and creep data and material mechanical
properties for pyrocarbon and silicon carbide were not provided by Sawa et al., so we

used our own in the calculation.
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Figure 3-7. Comparison of predicted stresses in a HTTR first loading fuel particle
(symbols for clarity)

In Figure 3-7, the lines with open symbols represent our model calculations of
tangential stresses in each structural layer. The lines with filled symbols are from Sawa et

al. Initially, the SiC is placed in compression due to neutron-induced shrinkage of the
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adjacent PyC layers. Accordingly, the IPyC and OPyC layers are placed in tension. As
the irradiation progresses, the pyrocarbon shrinkage rate gradually decreases. At the same
time, fission gas builds up in the buffer layer which results in an increase in the internal
pressure and, hence, drives the layer stress in the positive direction. The internal pressure
buildup eventually offsets the shrinkage induced compression in the SiC and leads to
increasing tensile stress at the end of the exposure. At higher fluence the stress is
dominated by the intemnal pressure in the particle. Our calculation shows the internal
pressure at 3x10*'n/cm? reaches 99.8MPa, much higher than the values we saw in Figure
2-34 and Figure 2-36. The reason is that a HTTR first-loading fuel particle has a large
fuel kernel but a thin buffer layer, so there is less free volume to accommodate more
fission gases generated from the kernel. Due to this end-of-life high internal pressure, the
particle could indeed be failed by pressure vessel failure, which, as we discussed, would
not happen in common cases. The model calculations for the SiC layer agree with each
other quite well at high burnup, whereas our results show a slower relaxation early in the
irradiation. The calculations from Sawa et al. exhibit an abrupt change at a fluence of 0.1
x10*'n/cm? and approximately linear behavior afterwards. However, experimental data
for PyC shrinkage is not this abrupt and is unlikely to induce stresses such as these. It is
likely that the Sawa et al. used some simplifications in modeling PyC dimensional
changes and/or creep. The discrepancy between the two stress predictions in the
pyrocarbon layers is probably due to the use of different mechanical properties for
pyrocarbon. For example, the PyC layers appear to be more rigid in Sawa’s results than
in ours. In this case, it is even harder for us to make a good comparison than the case in
Section 3.1.2, simply because a lot more input data need to be specified. Nevertheless,

the stress evolution in the pyrocarbon layers follows the same trend.

3.2. Benchmarking with NPR Experimental Results

3.2.1. Review of NPR Irradiation Program

As mentioned in Section 2.5.2, the New Production-Modular High Temperature Gas

Cooled Reactor (NPR in short) irradiation program, whose results are not well-
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understood none-the-less represent a significant source of benchmarking data. In this
section of benchmarking, we compare our model predictions with the experimental data.
In addition, as part of this effort we explore the effect of power history detail on
predictions and demonstrate the necessity of incorporating detailed irradiation histories
for coated fuel particles. We also show the effects of our crack induced failure models
CIFM1 and CIFM2 on fuel performance prediction. We first review the fuel design,
capsule irradiations, and post-irradiation examinations of the program.

The designed NP-MHTGR fuel particles have the following characteristics, some of
which are different from general TRISO fuel particles. (1) The fuel kernel is quite small
(~200pm in diameter), and contains high-enrichment UCO. This is similar to the Type 1
particle we have been using in this thesis. (2) A low density protective PyC layer (PPyC)
was added onto the outer surface of OPyC layer to reduce mechanical damage of particles
during compacting®. (3) Extra dense thin pyrocarbon layers called seal coats were added
to both sides of PPyC and between the buffer layer and IPyC. Fuel particles were cast
into graphite matrix compacts, 12.5mm diameter by 49.5mm long to provide appropriate
reactor core fuel density. The quality and performance requirements for NP-MHTGR fuel
are presented in Table 3-3 [88].

Table 3-3. Quality and Performance Requirements for NP-MHTGR Fuel

Fraction of particles
Quality Requirements Mean 95% Confidence
Defective SiC <5.0x10° <1.0x 10"
Total Heavy Metal Contamination <1.0x107 <2.0x 107
Total Fraction of Heavy Metal Outside Intact SiC <6.0x 107 <12x10"
Missing or Defective Buffer <5.0x107° <2.0x10*
Missing or Defective IPyC <4.0x107 <1.0x10*
Missing or Defective OPyC <1.0 x 107 <1.0x10?
Performance Requirements
Fuel Failure during Normal Operation <1.0x10™ <4.0x 10"
Incremental Fuel Failure During Accidents <3.0x 10" <12x 107

The Performance Test Fuel (PTF) for this program was manufactured by General

Atomics and their subcontractors, and it met the fuel product specifications and had the

* The fuel particles and graphite pitch and graphite shim particles are hot pressed into 12.5mm diameter by
49.5mm long cylinders designated compacts and sealed at the top. This process is called compacting.
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best as manufactured particle fuel quality ever produced in the United States [88]. The

specifications and as-fabricated values for PTF are listed in Table 3-4.

Table 3-4. Specifications and Values of Performance Test Fuel for NP-MHTGR

Thickness Density

Spec. As Fabricated Spec. As Fabricated

(um) (pum) (g/cm’) (glem’)
UCO Kemnel 145-205 200 >10.3 10.51
Buffer 90-110 102 0.8-1.1 0.96
IPyC + seal coat 40-60 53 1.85-1.95 1.92
SiC 30-40 35 >3.18 3.23
IPyC + seal coat 30-50 39 1.80-1.95 1.86
PPyC + seal coat 40-60 47 0.80-1.10 1.06

Three fuel capsules, each of which was installed with a number of compacts, were
designed and manufactured by May 1991. Capsule NPR1 was designed to demonstrate
maximum service life conditions of temperature, burnup, and fast neutron fluence.
Capsule NPR2 was to be more representative of core average fuel temperatures. These
two capsules were irradiated in the High Flux Isotope Reactor (HFIR) at Oak Ridge
National Laboratory (ORNL). The third capsule NPR1A was included as a backup test
for NPR1 test, and it was irradiated in the Advanced Test Reactor (ATR) at INEEL. The
major goal of the experiments was to provide fuel performance data by measuring fission
gases release during irradiation, e.g. Kr*™™. The Release-to-Birth ratio (R/B), which is the
measured fission gas release rate divided by calculated fission gas birth rate, is a measure
of fuel performance. Increase in the readings of R/B for a given fission gas would
indicate fuel failure. This approach has been used historically for in-pile fuel tests [117].

Key experimental parameters for the three capsules are listed in Table 3-5.

Table 3-5. Key Experiment Parameters for NPR Capsules

Average T Peak T Peak Fluence | Peak Burnup | Number of
(°C) (°C) (10%'0/em?) | (%FIMA) Particles
NPR1 974 1246 3.7 79 77,500
NPR1A 977 1219 2.0 64 75,360
NPR2 753 1024 3.7 79 77,500
NPR core 600 1250 3.7 75 1.8x10'"

A schematic of the capsule NPR1A is shown in Figure 3-8.
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Figure 3-8. Schematic of NPR1A Capsule (from Hobbins et al. [88])

The capsule NPR1A contained 20 compacts, each with about 3610 particles. The fuel
compact stack was about 122c¢m long and 1.7cm in diameter, and contained five neutron
fluence monitoring packages, two insulator pellets, and four graphite spacers as shown in

the figure. The fuel compact stack was placed within a graphite sleeve housed in an outer
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stainless steel capsule. The sleeve was instrumented with thermocouples, from which
data were collected for thermal analysis to calculated temperatures at various axial and
azimuthal locations in the capsule. A sweep gas entered the top of the capsule, flowed
down the outside of the compact stack, and up around the compacts to sweep out fission
products released from the compacts. The gas also maintained the temperature of the
capsule relatively constant during irradiation. The fission product monitoring system
consisted of an on-line gamma-ray spectrometer and a sodium iodide detector, and it
provided almost instantaneous data on fission gas release during irradiation.

Irradiation of NPRIA began on October 2, 1991 and was terminated after 64.2 full
power days due to an unexpected high failure rate. The Kr®>™ R/B remained low during
the first 42 full power days, but on December 12, 1991, it increased from ~5%107 to
3.8x107, indicating first particle failure. Then the Kr*™ R/B continued to rise to a peak
value of 1.79x10”. Based on these data, the total number of particle failures in NPR1A
was estimated as
Number of failures = (1.79x107* —5x107° )/(3.8x 107 =5x107 )= 48, 3.1)

Capsules NPR1 and NPR2 were identical, and the schematic of them is shown in
Figure 3-9. Each capsule contained 16 fuel compacts surrounded by H-451 graphite fuel
bodies, and the fuel particle loadings in compacts were varied to compensate for the axial
cosine-shaped flux distribution in HFIR to produce relatively uniform heat generation
across the capsules. The capsules were instrumented in a similar way for data acquisition.
In NPRI, the system included two ionization chambers. In NPR2, two gamma
spectrometers were used, which were sensitive enough to detect single particle failures.
Irradiation of NPR1 began on July 25, 1991, and was completed on May 29, 1992. The
Kr®*™ R/B remained low during the first 120 full power days, but on January 2, 1992, the
R/B increased to 1.7x107 at a peak fluence® of 1.7x10?'n/em?, indicating a particle
failure. The R/B continued to increase until a final value of about 1.0x10™ in the end.
Based on eq. (3.1) and activity spikes recorded by the ionization chambers, 625 and 526
particles were estimated to have failed, respectively. Irradiation of NPR2 began in August

1991 and was completed on May 29, 1992. The first particle failure was observed on

* The peak fluence refers to the highest achieved fluence somewhere in the capsule at that point.
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February 11, 1992 at a peak fluence of 2.0x10*'n/cm?, when the Kr®*™ R/B jumped to
7.0x10”. The final value of the R/B was about 2.0x107, and the estimated number of
failed particles was 135.
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Figure 3-9. Schematic of NPR1 and NPR2 Capsules (from Baldwin et al. [118))

The total number of particle failures was about 700, accounting for 0.32% of 221,136
particles contained in three capsules. This is much higher than the performance
requirements in Table 3-3, but the U.S. models predicted no failures in all three capsules.
In the sections below, we will discuss our modeling results on the entire NPR1 capsule,
one NPR2 compact (NPR2-A4 which was at the center of NPR2 as shown in Figure 3-9),
and one NPR1A compact (NPR1A-A9 which was a little below the mid-plane of NPR1A
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in Figure 3-8). Because of the symmetric arrangements and loadings of NPRI1-B1 to
NPR1-B8 compacts and NPR1-A1 to NPR1-A8 compacts, it is reasonable to assume two
groups would see the same irradiation conditions, therefore modeling eight compacts
NPR1-Al to NPR1-A8 is sufficient. More specifics about NPR irradiations will be
mentioned as we elaborate on our modeling results. We actually conducted three rounds
of simulations on the above mentioned ten compacts, one using the simplified crack
induced failure model (CIFM1) with simplified irradiation histories, one using CIFM1
but with detailed irradiation histories, and one using the improved crack induced failure
model (CIFM2) with detailed irradiation histories. Firstly we will discuss the crack
induced failure model results contrasting to the pressure vessel failure model, as well as

the impact of employing detailed irradiation histories in fuel performance modeling.

3.2.2. Simulations with Different Irradiation Histories

For each compact, simulations can be run with a time averaged irradiation
temperature and constant neutron fluence rate and burnup rate, which is the approach that
most fuel particle performance models take. Table 3-6 shows the irradiated conditions for
simulated NPR compacts. We can also use the detailed temperature histories obtained
from thermal calculations based on thermal couple measurements, and they are presented

in two separate plots, Figure 3-10 and Figure 3-11, for clarity.

Table 3-6. [rradiation Conditions for NPR Compacts

4 Parti Time Averaged End-of-life End-of-life
article
Compact ID Loaded T F%lllence2 Burnup
(°0) (10" n/cm”) (%FIMA)
NPR1-Al 6126 874 2.4 74.0
NPR1-A2 5266 1050 3.0 77.0
NPR1-A3 4228 1036 3.5 78.5
NPR1-A4 3755 993 3.8 79.0
NPR1-A5 3755 087 3.8 79.0
NPR1-A6 4228 1001 35 78.5
NPR1-A7 5266 1003 3.0 77.0
NPR1-A8 6126 845 2.4 72.0
NPR2-A4 3755 746 3.8 79.0
NPR1A-A9 3610 1052 1.9 64.0
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The NPR1 and NPR2 capsules were irradiated for eight cycles, and in each cycle,
temperature variations could be as high as 150°C. In general, temperatures decreased
with time due to the depletion of fuel materials and hence decreasing energy generation
rate, but the temperatures in some compacts such as NPR1-A2 and NPR1-A3 remained
quite constant throughout the irradiation. Also in each irradiation cycle, the temperature
variations were downward sloping in some cases but upward sloping in others like
NPR1-Al and NPR1-A8, which were at both ends of the NPR1 capsule, as shown in
Figure 3-9. These compact specific temperature histories will lead to differentiated fuel
performance that models with simplified temperature histories won’t be able to tell.

Beside the temperature histories, the neutron fluence and burnup histories for the
NPR1 and NPR2 capsules were significantly different from the simplified scenarios.
When we say irradiation history, we mean the whole set of temperature, neutron fluence
and burnup histories. The burnup versus fast neutron fluence curves are plotted in Figure
3-12 and Figure 3-13. These irradiation history data were extracted with the aid of a

computer program from the source curves in reference [88] and [118].
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We see the burnup buildup in NPR1A-A9 was roughly linear with respect to fast
neutron fluence, but NPR1 and NPR2 compacts achieved 40% to 50% of their burnups
before accumulating only 0.2x10*'w/cm® (E>0.18MeV) of fast neutron fluence. Figure
3-14 shows the cross section of HFIR core at its horizontal midplane. The NPR1 capsule
was irradiated at position VXF-5 for three cycles, RB-7A for four cycles, and RB-7B for
one cycle. The NPR2 capsule was irradiated at VXF-18 for three cycles, and then RB-3A
for five cycles. The VXF positions are away from the central high fast neutron flux
region in HFIR, but fuel burnup can be driven up quickly there. The RA and RB positions
see very high fast neutron flux but contribute less to fuel burnup. Later, when we
compare failure predictions, we will see how this can make a difference in fuel

performance. The simulations were run and the key input parameters are listed in Table
3-7.

Table 3-7. Key Input Parameters for NPR Fuel Particle Modeling

Parameter Mean Value | Standard Deviation | Distribution Type

Fuel Type uco - -

C:U Ratio, O:U Ratio 0.36, 1.51 - -
Ambient Pressure (MPa) 0.1 - -
U235 Enrichment (%) 93.15 0.01 Triangular
Kernel Diameter (um) 200 5.2 Triangular
Buffer Thickness (pum) 102 10.2 Triangular
[PyC Thickness (um) 53 3.68 Triangular
SiC Thickness (pm) 35 3.12 Triangular
OPyC Thickness (um) 39 4.01 Triangular
Kernel Density (g/cm’) 10.51 0.01 Triangular
Buffer Density (g/cm’) 0.96 0.05 Triangular
IPyC Density (g/cm’) 1.923 - -
OPyC Density (g/cm’) 1.855 - -
IPyC BAF, 1.05788 0.00543 Triangular
OPyC BAF, 1.05154 0.00622 Triangular
IPyC o) (MPa.m®®) 23.6° 9.5 (B) Weibull
OPyC 6, (MPa.m*™) 224 9.5 (B) Weibull
SiC 69 (MPa.m*P) 9.64° 6.0 (B) Weibull
SiC K¢ (MPa. um®?) 3500" 530 Triangular

(: These are initial characteristic strength at room temperature given in Section 2.5.1; T
For the simulations with CIFM1, we used earlier choice of 3300 MPa. um0'5.)
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One million particles were sampled for each compact. Firstly we look at the end-of-

life failure predictions on NPR compacts. The data are listed in Table 3-8.

Table 3-8. Comparison of Model Calculations with PIE Results (Part I}

Compact | Failure Fraction | 95% Confidence | Detailed History, | Simple History,
ID (%) (%) CIFM1 (%) CIFM1 (%)
IPyC Layer Failures
NPR1-Al - - 47.4 84.2
NPR1-A2 - - 6.44 16.7
NPR1-A3 - - 15.0 19.4
NPR1-A4 - - 33.5 33.9
NPRI-AS 31 17<p<47 26.6 36.3
NPR1-A6 - - 24.4 30.3
NPR1-A7 - - 15.6 29.1
NPRI1-A8 6 2<p<l6 60.7 91.7
NPR2-A4 65 54<p<76 99.6 99.5
NPR1A-A9 18 5<p<42 239 19.0
SiC Layer Failures
NPR1-Al - - 1.61 8.32
NPR1-A2 - - 1.00x10™ 0.0380
NPRI1-A3 - - 0.0250 0.0740
NPR1-A4 - - 0.857 0.613
NPRI1-A5 0.6 0<p<3 0.358 0.790
NPRI1-A6 - - 0.272 0.400
NPRI1-A7 - - 0.0683 0.337
NPR1-A8 0 0<p<2 274 9.64
NPR2-A4 3 2<p<6 13.9 12.8
NPR1A-A9 1 0<p<5 0.492 0.0750

( -: Not measured by Post-Irradiation Examination (PIE).)

The Post-Irradiation Examination (PIE) results in the tables were obtained by optical
metallography. Four compacts were measured. In this technique a fuel compact is cut
through its cross section and slices open the coated particles on the way. Frequently the
number of particles examined in cross sections of a compact is about 100. Metallography
can characterize the condition of kernel and coating layers, and measure failure fractions
of PyC and SiC layers. In addition, a leach-burn-leach (LBL) procedure and individual
microsphere gamma analyzer (IMGA) can also measure SiC layer failure fraction [88].

As 1n the table, our model predictions compare very favorably with PIE results both

in the ratio of IPyC layer failure to SiC layer failure and in absolute values. The fact that
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PyC layer failures are much higher than SiC layer failures is consistent with the direct
result of applying the pyrocarbon induced failure model. Moreover, metallography found
no occurrence of failed SiC without failed IPyC or OPyC, which supports this proposed
failure mechanism. Discussions on these results are summarized below.

(1) Given the great variations on material properties, particle dimensions, and PIE
measurements, the agreements in IPyC layer failures and SiC layer failures are very
encouraging. In general, compacts irradiated at lower temperature would have more
PyC layer failures which induce more SiC layer failures, as shown by both PIE and
model results. The time averaged irradiation temperatures are given in Table 3-6.
According to the irradiation creep model for pyrocarbon that we are using, lower
temperatures imply less stress relaxation in PyC layers, so they are more liable to
failures. The odd one which doesn’t seem to follow this trend based on PIE is NPR1-
A8. Based on the inverse relationship between failure probability and irradiation
temperature, its failure should be between NPR1-AS5 and NPR2-A4. 1t is possible that
there were some material property deviations on it, or some other mechanisms which
we don’t understand, which is not surprising. Later in this section we will sce whether
irradiation temperature uncertainty can explain it.

(2) Generally the predicted failure probabilities with detailed irradiation histories are
lower than those with simplified histories, but the case is reversed in NPR1A-A9 and
is marginal in NPR2-A4. Let’s proceed with explanations. The general trend results
from two factors which reduce stresses in coated particles when detailed histories are
used. The first one is that the time averaged irradiation temperatures in the first three
irradiation cycles are higher than the overall time averaged temperatures, which leads
to more creep-induced stress relaxation at early irradiation stage when the stresses in
pyrocarbon layers are critical, as shown in Figure 2-35. The second one is that NPR1
and NPR2 capsules gained much of their burnups before irradiation induced
dimensional changes and creep take place, as discussed with Figure 3-12 and Figure
3-13. Then, the built-up internal pressures offset some of the irradiation-induced
stresses at early stage of irradiation, as we emphasized in Section 2.4.6. However,
since the internal pressure in these small-kernel-big-buffer particles is not very high

(Refer to Figure 2-34), this effect is secondary.
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Now we look at the stresses in four PIE examined compacts. They are plotted in
Figure 3-15 and Figure 3-16, and again the symbols are for clarity and do not represent
actual data points. In NPR1-A5 and NPRI1-A8 compacts, using detailed irradiation
histories causes lower stresses, which lowers the end-of-life particle failure probabilities
and delays the point of initial failure. In Figure 2-28 for creep coefficient, we find the
slope of creep coefficient goes up with temperature when the temperatures are higher
than 600°C. In the range of about 600°C to 800°C, creep is not sensitive to temperature
fluctuations, therefore in NPR2-A4 we don’t see much difference in stresses whether or
not detailed irradiation history is used. In NPR1A-A9, we see from Figure 3-11 that its
irradiation temperature dropped from 1065°C to 975°C after 30 full power days (about
1.0x10*'n/cm?), and induced a stress bump as shown in Figure 3-16, which produced a
second wave of failure predictions in this compact. We can clearly see this from a failure
history plot of NPR1A-A9 in Figure 3-17. In this part of predictions, the particle failure
probability equates the SiC layer failure probability, because the assumption of CIFMI is
that once the SiC layer fails, the whole particles fails.
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The experimental Kr**™ R/B curve provides information about the failure histories of
the NPR capsules. In our case, since we modeled eight NPR1 compacts (effectively all

sixteen compacts), we can construct a predicted R/B curve for NPR1 using the equations

Number of failures = N, P, and (3.2)

Kr*™ R/B = Number of failures x R/B +R/B (3.3)

one fallure background ?

where

N; is the number of particles in each NPR1 compact, given in Table 3-6,
Py is the particle failure probability of each NPR1 compact,

R/Bone failure 15 the amount of release for one particle failure, 1.7x 1077 for NPR1 , and
R/Bpackground is the background radiation, 1.0x10°® for NPRI.

We then make a comparison with real R/B curve in Figure 3-18.
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Figure 3-18. Kr**™ R/B for NPR1 capsule (Part I)

The prediction with detailed history compares much better than that with simplified
history, both in terms of the end-of-life level of failures and the development of failures.

Some statistics are given in Table 3-9. This emphasizes again the importance of including
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irradiation histories in modeling particle fuel performance. However, our prediction with

detailed histories is still earlier than actual failure development. Some thoughts on this

discrepancy are given in the next section.

Table 3-9. Overall statistics for Capsule NPR1 (Part I)

Actual Pr;dictio.n — ‘ Prgdictioq —
Detailed History | Simplified History

# Particles 77,500 77,500 77,500

# Failed Particles 625/526" 656 2384
Failure Probability 0.806%/0.679%' 0.846% 3.076%

peak Fluence ot il 17 059 0071
kB |
el o | 105 " 2
f;i‘if;zﬁia?‘g at 1123 1025 1086

(7: estimated from K™ R/B/estimated from ionization chamber spikes.)

Our last attempt in this section is to explore the effect of temperature uncertainty on
NPR1-A8 compact. The uncertainty comes from thermal couple measurements, then the
standard deviations on the calculated irradiation temperatures are derived [118]. We
simply apply twice of the standard deviations on nominal temperatures to create a 95%
confidence window, then we run simulations on NPR1-A8 with the upper and lower 95%
bound temperature histories. The temperature histories are shown in Figure 3-19, and the
resulting failure histories are in Figure 3-20. Based on this study, the failure probability
of IPyC layers in NPR1-A8 could range from 32.3% to 83.0% (nominal 60.7%) and that
of SiC layers from 0.38% to 6.74%, which overlaps the 95% confidence interval of SiC
failure fraction from PIE results in Table 3-8. Although temperature uncertainty might be
a factor in accounting for the low failure probability of NPR1-AS8, it is definitely not the
dominant one, because temperature uncertainty plays a role in any fuel compact. So there

are still issues that we don’t understand or haven’t been able to model.
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3.2.3. Simulations with Improved Crack Induced Fuel Failure Model

After we developed the improved crack induced fuel failure model CIFM2, we used it

and performed the second round simulations on the NPR compacts. Again 1,000,000

cases were sampled on each compact and the results are summarized in Table 3-10.

Table 3-10. Comparison of Model Calculations with PIE Results (Part II)

Failure 95% w/ Detailed w/ Detailed
Compact ID Fraction Confidence | History, CIFM1 | History, CIFM2
(%) (%) (%) (%)
IPyC Layer Failures
NPR1-Al - - 474 46.9
NPR1-A2 - - 6.44 6.27
NPR1-A3 - - 15.0 14.5
NPRI1-A4 - - 33.5 32.8
NPR1-A5 31 17<p<47 26.6 259
NPR1-A6 - - 24.4 238
NPR1-A7 - - 15.6 15.3
NPR1-A8 6 2<p<16 60.7 60.3
NPR2-A4 65 54<p<76 99.6 99.6
NPR1A-A9 18 5<p<42 239 21.8
SiC Layer Failures

NPR1-Al - - 1.61 1.21
NPR1-A2 - - 1.00x10™ 0
NPR1-A3 - - 0.0250 0.0310
NPR1-A4 - - 0.857 0.257
NPR1-A5 0.6 0<p<3 0.358 0.122
NPR1-A6 - - 0.272 0.153
NPR1-A7 - - 0.0683 0.0383
NPRI1-A8 0 0<p<2 2.74 3.01
NPR2-A4 3 2<p<6 13.9 8.84
NPR1A-A9 1 0<p<5 0.492 0.0534

The predictions on IPyC layer failures from the new run are about the same as the old
one. The newly predicted SiC layer failures are generally less because we allow for stress
relaxation due to PyC cracking, as discussed in Section 2.5.2.2. However, now we also
trace down the particles after the initial PyC cracking, unlike the scheme in failure model

CIFMI, and by doing so whole particle failures which occur after the point of PyC
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cracking could be discovered. These two effects tended to balance each other, and the
predictions based on CIFM1 and CIFM?2 happen to be quite comparable. Although with
CIFM2 the assumption that SiC layer failures infer whole particle failures is dropped, in
this round of simulations we found no intact pyrocarbon layers survived the failures of
SiC layers, as a result, predicted particle failure probability is still the same as SiC layer
failure probability. Now we plot the new Kr85m R/B curve together with the old ones in
Figure 3-21.
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Figure 3-21. Kr*™ R/B for NPR1 capsule (Part II)

It can be seen that the main difference the new crack induced failure model CIFM?2
makes is that the failure initiation point is delayed a bit because of the inclusion of stress
relaxation. Also, the predicted failures occur in a much wider range from 78 full power
days to 127 full power days than with CIFM 1, which is from 74 full power days to 96 full
power days. This is because some particle failures are captured due to further irradiation
induced deformation after initial PyC cracking. The slower failure development is more

like the real scenario. To illustrate the wider spread of failures predicted by CIFM2, we
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collect in Table 3-11 the statistics for capsule NPR1 at peak failure rate instead of at

initial failure as in Table 3-9.

Table 3-11. Overall statistics for Capsule NPR1 (Part II)

Actual CIFM1 — Detailed | CIFM2 — Detailed

History History
# Particles 77,500 77,500 77,500
# Failed Particles 625/526" 656 565
Failure Probability 0.806%/0.679%" 0.846% 0.729%
Peak Fluence at Peak
Failure (10*'n/cm?) 217 1.08 1.48
Peak Burnup at Peak o 0 0
Failure (%FIMA) 75.3% 67.1% 71.2%
Effective Full Power
Days at Peak Failure 124 20 102
Peak Temperature at
Peak Failure (°C) 1107 1072 1134

(': estimated from Kr™™ R/B/estimated from ionization chamber spikes.)

Apparently CIFM2 is doing better in predicting particle failures in NPR1 capsule, but
there is still a 30-day gap between model prediction and real data. One reason which
leads to the opening of this gap is the existing assumption in CIFM2, which requires zero
time for PyC cracks to connect with SiC layer surface irregularities. We have said in
Section 2.5.2.2 that actually there will be a small ligament between the PyC crack and
SiC surface, and it takes some time to break it.

A couple of mechanisms could contribute to breaking the ligament. The first one is
creep crack growth [94]. Due to stresses and irradiation, strains accumulate at a
macroscopic crack tip and cause the crack to grow. A quantity called the C* integral was
proposed by Landes and Begley [119], Ohji et al. [120], and Nikbin et al. [121]
independently after the establishment of the J integral, to characterize crack growth in a
material undergoing steady state creep. They applied Hoff’s analogy [122] to a visco-
elastic body and defined the C* integral by replacing strains and displacements with

strain rates and displacement rates in the J contour integral, respectively, and got
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. . ou,
C = j(wdy—c..n : ds) . (3.4)
r
where w is the strain energy rate, defined as
w=[o,d, . (3.5)
¢, and #, are the strain and displacement rates, respectively,
c, are the stress components,

n; are the normals to unit surface ds along the integrated contour.

Experimental works have shown that creep crack growth rates correlate very well with

C* integral in the following form [123],

a=y(C'}, (3.6)
where v and m are material constants. Unfortunately, these constants are not available for
pyrocarbons, so we cannot perform a quantitative estimation for now. We suggest that
these constant be measured with respect to irradiation creep in pyrocarbons.

Another mechanism which could break the ligament is thermal fatigue cycling. In
NPR capsule irradiations, there were eight major cycles and a number of small ones.
They could induce fatigue crack growth at the macroscopic crack tip.

Lastly we discuss the types of failures and the failure paths of particles in NPR

irradiation simulations.

Table 3-12. Failure types in NPR compacts predicted with CIFM2

Compact ID # Sampled Particles PyC Cra_ck Induced Pressu_re Vessel
Failures Failures
NPR1-Al 1,000,000 12,062 2
NPR1-A2 1,000,000 0 0
NPR1-A3 1,000,000 310 0
NPR1-A4 1,000,000 2565 0
NPRI1-A5 1,000,000 1221 1
NPR1-A6 1,000,000 1526 0
NPR1-A7 1,000,000 383 0
NPR1-A8 1,000,000 30,107 0
NPR2-A4 1,000,000 88,427 3
NPR1A-A9 1,000,000 534 0
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The particle failures predicted by the new round of simulations with CIFM2 are
categorized with failure types in Table 3-12. It can be seen that most of the predicted
failures are induced by either IPyC or OPyC cracking. However, Closer inspection of
each failed particle revealed that most common failure paths of those failed particles are
(ISO) = (FSO) - (FSF) - (FFF) or (ISO) = (ISF) - (FSF) - (FFF) (Refer to Figure
2-46), which means the stress concentration won’t be high enough until both structural
pyrocarbon layers fail, because when either pyrocarbon layer is intact, the SiC layer is in
compression and there is an effective negative stress intensity factor which protects the
SiC layer. We plot in Figure 3-22 the stress concentrations in three failed particles from

compact NPR1-Al, and their parameters are listed in Table 3-13.

Table 3-13. Parameters of Three Failed Particles in Compact NPR1-A1

Parameter Particle 1 Particle 2 Particle 3
Failure Type Pi}; %Eg:;k PyC crack induced Overpressure
(FII‘SSP;; I‘;tzfa’l“re 1.256 0.839 1.885
U235 Enrichment (%) 93.15 93.15 93.15
Kemel Diameter (m) 194.8 196.8 200.8
Buffer Thickness (num) 80.8 91.5 98.3
IPyC Thickness (um) 53.6 56.3 60.0
SiC Thickness (pm) 36.4 313 36.8
OPyC Thickness (um) 342 42.5 42.4
Kernel Density (g/cm’) 10.51 10.51 10.51
Buffer Density (g/cm3) 0.979 0.937 0.953
IPyC BAF, 1.0514 1.0593 1.0553
OPyC BAF, 1.0405 1.0440 1.0430
IPYC oo (MPa.m*?) 19.9 16.6 21.2
OPyC oo (MPa.m™®) 13.1 13.4 14.1
SiC oy (MPa.m*?) 8.33 10.8 1.51
SiC Kic (MPa. pm””) 3541 3505 3683

In Particle 1, the OPyC layer failed first at 0.535x10*'n/cm?, later the IPyC layer
failed at 0.724x10*'n/ecm’, and finally the stress concentration from the IPyC layer
cracked the SiC layer at 1.256x10%'n/cm?. In Particle 2, the IPyC layer failed first at
0.431x10*'n/cm?, later the OPyC layer failed at 0.535x10?'n/cm?, and finally the stress
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concentration from the IPyC layer cracked the SiC layer at 0.839x10*'n/cm?. In Particle
3, the OPyC layer failed first at 0.742x10*'n/cm’, later the IPyC layer failed at
0.784x10*'n/cm’, and finally at 1.885x10*'n/cm? the tangential stress in the SiC layer
exceeded its fracture strength of 74MPa in this case and caused a pressure vessel failure.
We see that the probability of pressure vessel failure is very small and in NPR irradiation
simulations, such failure might happen when both PyC layers of a particle are failed and

this particle has an extremely weak SiC layer.
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Figure 3-22. Stress concentrations in some failed particles in compact NPR1-A1
(symbols for clarity)

3.2.4. Further Discussion of NPR Irradiation Results

We have shown that the new crack induced fuel failure model is very promising in
explaining the higher-than-expected NPR fuel failures, but the model itself doesn’t tell
why U.S. and German fuel particles had such different performance. Petti et al. [89]

discussed the differences in the microstructures of layers of U.S. and German fuel which
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probably accounted for their different behaviors. The three major differences were stated

to be: pyrocarbon anisotropy and density, IPyC/SiC interface structure, and SiC

microstructure.

(1) General Atomics produced pyrocarbon layers generally have laminar structure of high
density and anisotropic behavior, resulting from low coating gas concentrations and
low deposition rates. However, German fuel manufacturers used higher coating gas
concentrations and coating rates, which yielded lower density and more isotropic
pyrocarbons. We will see in Chapter 4 that higher anisotropy of pyrocarbon layers
leads to higher tangential (hoop) stresses in them, which may lead to higher
probability of cracking even though the strength of pyrocarbons also go up with
anisotropy, as we discussed in Section 2.5.1. This aspect of pyrocarbons can be
accounted for in our new crack induced failure model.

(2) The second important difference between U.S. and German particles is the IPyC/SiC
interface. In the German process, each layer of the particles is deposited in the coater
in a continuous manner on one pass without any interruption, whereas in the U.S.
process, the particles are unloaded after each layer of deposition for QC
measurements. As a result, there was a mixing zone of PyC and SiC grains in the
German fuel which provided a tight bond between two layers. In fact the coatings of
German fuel particles never exhibited debonding under irradiation. However, there
existed natural smoother boundaries between PyC and SiC layers in the U.S. fuel
particles, which led to less strong bond. Interface debonding as shown in Figure 2-42
happened in U.S. fuel like NPR fuel quite frequently. Debonding gencrates an
interfacial crack which will cause stress concentration in the SiC layer, like a normal
radial crack in PyC layer will do. In fact the very possible particle failure pattern in
NPR fuel is that firstly a PyC layer cracks radially and it deflects along the PyC/SiC
interface and then kinks into the SiC layer at some location. The failure pattern we
have talked about in Section 2.5.2.2 is just one scenario, and the crack may choose
among various paths depending on available strain energy and local material fracture
resistance. In U.S. made fuel where interface bonding is weak, PyC cracks could
preferably choose to grow along the interfaces. Hutchinson and Suo [95] discussed

the critical driving forces or resistances to various cracking patterns in a film-

161



substrate configuration. The dimensionless driving force Z is given in Figure 3-23,
and we can find the similarities between that system and our case here. In the figure,
h and E; is the thickness and Young’s modulus of the film, respectively. The
interfacial debonding/cracking in TRISO fuel particles is not ready to be modeled
because the interfacial strength of PyC/SiC configuration and its relationship with

microstructures are to be determined by experiments.

Cracking Patterns G = ZG2HE,

Surface Crack

\—/ Zz 3‘951

Channeling

Z=1978

i ﬁVL ] Substrate Damage

5 S Z = 3.951

‘i_- K’ Spalling

S { Z=10.343

S —— Debond

; } 1.028 (initiation)
Z =

0.5 (steady - state)

Figure 3-23. The dimensionless driving force for various cracking patterns in film-
substrate system, assuming each material is elastically homogeneous, and the substrate is
infinitely thick (from Hutchinson and Suo [95))
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(3) The third difference lies in the strength-microstructure correlation of SiC. It was
reported by Saurwein and Schilling [124] that NPR fuel particles presented columnar
SiC grains as long as 30pm, which is comparable with the thickness of the SiC layer,
while only smaller grains about 2um were found in German fuel particles, as shown
in Figure 3-24. The long SiC grains in U.S. fuel are formed in high temperature in the
GA process, but the German deposition temperature is lower. As we discussed in
Section 2.5.1, the strength of brittle 8iC may decrease with increasing grain sizes.
Also, bigger grains provide effectively deeper extrusions and intrusions at the SiC
layer surface which serve more easily as crack initiation sites. This can be treated

with our new crack induced failure model by varying the surface flaw sizes to

differentiate U.S. fuel from German fuel.

- bt b

Figure 3-24. Morphology of the SiC layers in U.S. particle (left) and German particle
(right) (from Saurwein and Schilling [124])

It is also possible, and the INEEL scientists give significant importance to this, that
the interrupted coating process allowed for the introduction of metallic element
contamination (from storage containers or inspection using metallic table tops) at the
layer interfaces. Recent discussions indicate that individual failures of particles were

associated with the presence of metallic element contamination.
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Chapter 4.

Optimization of Fuel Particles Using the MIT
Model

Based on the results of the benchmarking process we now are confident that we can
predict, at least in a relative sense, of how coated fuel particles behave under irradiation
and what some of the important variables (PyC layer stresses, strengths, etc.) are in
determining fuel performance. We also have some knowledge of how certain input
parameters affect fuel performance, for example, in Section 2.4.6, we showed in particles
with bigger fuel kemels, the stresses in layers are lower because of higher internal
pressure. In this chapter, we systematically study the links between input parameters and
fuel performance. Suppose we can manufacture a batch of coated fuel particles that match
their specifications, our task is to find a set of specifications for particles which would
allow for best fuel performance in certain irradiation condition within the scope of our

knowledge. The procedure of reaching this goal is called fuel performance optimization.

4.1. Parametric Study

As the first step of fuel performance optimization, we conduct a parametric study on
fuel particles. Our developed fuel performance model provides the mapping between
input parameters and fuel particle behavior, and here the parametric study looks at how
fuel particle behavior changes over a range of input parameters.

Firstly we choose sixteen input parameters to do the parametric study and the ranges
of their values are listed in Table 4-1. Some ranges were established based on existing
values in the industry, such as SiC layer thickness and buffer density; some ranges are
restricted by the current material models, for example, the densities of dense pyrocarbons
should be between 1.8 to 2.0g/cm’ because BAFs and irradiation induced dimensional
changes data of pyrocarbons were rare out of this range; Some ranges are selected to be

reasonable with engineering judgments and modeling esxperience. These parameters can
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be grouped into three types: dimensional parameters, material properties, and

environmental parameters.

Table 4-1. Value Ranges for Input Parameters in Parametric Study

Parameter Low Nominal High
Kernel Diameter (jum) 100 400 700
Buffer Thickness (um) 40 120 200
IPyC Thickness (pm) 20 40 60
SiC Thickness (um) 20 40 60
OPyC Thickness (pm) 20 50 80
U Enrichment (%) 4 93 96
Kernel Density (g/cm’) 10.4 10.5 10.6
Buffer Density (g/cm’) 0.9 1.0 1.1
IPyC Density (g/cm’) 1.8 1.9 2.0
OPyC Density (g/cm’) 1.8 1.9 2.0
IPyC BAF, 1.0 1.15 1.30
OPyC BAF, 1.0 1.15 1.30
Irradiation Temperature (°C) 500 900 1300
EOL Fluence (10*'n/cm?) 2.5 3.0 3.5
EOL Burnup (%FIMA) 60 70 80
Ambient Pressure (MPa) 0 6.4 12.8

4.1.1. Perturbation Analysis

We have shown in Section 2.4.6 that the stresses in the three structural layers of fuel
particles mainly come from their interactions due to the mismatch in irradiation induced
deformation. Therefore when the pyrocarbon layers are in higher tension, the SiC layer
will be in higher compression. Meanwhile, since the SiC layer is much more rigid than
PyC layers, it is a very good decoupling boundary, which means the behavior of two
adjacent PyC layers are roughly independent. Given these practical observations, we
choose to primarily monitor the maximum IPyC and OPyC stresses throughout the life of
irradiation, which are the critical variables in judging IPyC and OPyC layers failures.
Typically the maximum PyC stresses occur at a fluence of around 1.0x10*'n/em?. We
will also look at minimum SiC stress when it needs to be mentioned. Perturbation
analysis is performed on each input parameter by fixing other parameters at their nominal

values and scanning this specific parameter from its low value to high value.
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4.1.1.1. Fuel Kernel Diameter

The results for the perturbation on fuel kernel diameter is shown in Figure 4-1
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Figure 4-1. Stresses in structural layers versus fuel kernel diameter

Again we remember that the maximum IPyC stress refers to the highest point on the
IPyC tangential stress (averaged over its cross section) curve such as is shown in Figure
3-5. The maximum IPyC stress decreases as the kernel diameter increases, because more
and more fission gases are generated to produce higher pressure which counteracts the
pulling-apart tension at IPyC/SiC interface. Consequently, the compression in the SiC
layer is weakened. The effect on the OPyC layer is the reverse to the IPyC layer because
the OPyC layer is on another side of the SiC layer, therefore higher internal pressure
reinforces the compression at SiC/OPyC interface. From the plot we see the effect on
IPyC and SiC is stronger than in the OPyC layer, and conclude that, all other variables

being equal, a larger fuel kermel would favor better fuel particle performance within

limits.
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4.1.1.2. Bufter Thickness

The perturbation results on buffer thickness are shown in Figure 4-2.
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Figure 4-2. Stresses in structural layers versus buffer thickness

The increase of buffer thickness provides more free volume for fission gases, so the
internal pressure decreases. The effect is not clearly shown in the IPyC and OPyC layers,
but it is magnified in the SiC layer because the Young’s modulus of SiC is one order of
magnitude higher than that of the PyC. The thickening of the buffer layer also effectively
increases the radii of all three structural layers, which influences their stresses in a way
that is less obvious. It will be shown later that since the buffer and fuel kemel together

determine the internal pressure, their effects should be bound to reveal a general trend.

4.1.1.3. IPyC and OPyC Thicknesses

The perturbation results on IPyC and OPyC thicknesses are shown in Figure 4-3 and

Figure 4-4.
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Figure 4-3. Stresses in structural layers versus IPyC thickness
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Figure 4-4. Stresses in structural layers versus OPyC thickness
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The thickening of the IPyC layer has two results. Firstly 1t is effectively stronger and
more resistant to external forces. Secondly, the radius of IPyC/SiC interface is increased,
which brings in the following subtle effect. Suppose the IPyC outer surface is free, the

radial displacement at that location is
u(r=r)= ['S,dr, @.1)

where S, is the radial irradiation induced dimensional change. Here we need to
understand that irradiation induced deformation does not store strain energy in the
materials because that is plastic permanent deformation. The elastic interaction between
structural layers does. When we attach the SiC layer onto it, it will drag the IPyC/SiC
interface back to its original place before irradiation, roughly speaking. According to this,
thicker IPyC layer will cause more work to be done and more strain energy to be stored
in both IPyC and SiC layers. That explains the behavior we see in Figure 4-3. We also
find that the SiC layer basically absorbs the changes to the IPyC layer, so the OPyC layer
barely sees any difference. This is what we mean by decoupling.

The case of thickening of the OPyC layer differs in that the position of SiC/OPyC
interface is not shifted by it, and the outer surface of the OPyC layer can be regarded as a
free surface. The thicker hence stronger OPyC layer compresses more heavily on the SiC
layer, as shown in Figure 4-4. Although OPyC outer surface displaces more, that doesn’t
induce more stress because the surface can move freely. The combined effect is that the
OPyC layer has thicker cross section to balance the moderately increased interfacial force
from the SiC layer, and the result is the average stress in OPyC is lower. Again in this
case the IPyC layer doesn’t see much difference because of the shielding from SiC.

Based on the study in this part, we should make IPyC as thin as possible and OPyC as
thick as possible.

4.1.1.4. S1C Thickness

The perturbation results on SiC thickness are shown in Figure 4-5. As we said for
PyC thicknesses, a thicker SiC implies it is stronger, then it is more resistant to

pyrocarbon deformation and leads to higher stresses in IPyC and OPyC. At the same
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time, it has more volume itself to accommodate the stronger interactions from PyC
layers, so its stress 1s less negative. When the SiC layer becomes thinner and thinner, the
increase in compression accelerates and the layer may reach its buckling strength. From a
mechanical point of view, we want the SiC layer to be thin but not too thin. Practically,
there are other considerations that put constraints on the SiC thickness. For example, if it

is too thin, some fission products may easily permeate through an intact layer.

400
300 pP————————— e ———— T
200 ————— —— o
100 4 . C e :
O b SR .
100 e ,
-200 { | ——wm
-300 ! Max OPyC Stress, 7 '
-400 || | .
-500 L D PP o -
800 - : e T ) o
700 | e B USSR
800 LT
000+ e
1000 | - . - DU ]
-1100 {»° P
-1200 ‘
20 30 40 50 60

SiC Thickness (um)

Stress (MPa)

Figure 4-5. Stresses in structural layers versus SiC thickness

4.1.1.5.1PyC and OPyC BAF,

The perturbation results on IPyC and OPyC BAF, are shown in Figure 4-6 and Figure
4-7. As pyrocarbon becomes more and more anisotropic, the magnitude of irradiation
induced dimensional changes are bigger, as shown in Figure 2-24, so the stresses in the
corresponding PyC layer and the SiC layer are intensified. We find again that the tuning
of IPyC BAF, does not affect the stress in the OPyC layer, and vice versa.
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4.1.1.6. Fuel Kernel and Buffer Densities

The perturbation results on fuel kernel density are shown in Figure 4-8. Fuel kernel

density and buffer density only influence fuel performance through fuel internal pressure,

because the closer they get to their theoretical densities, the less free volume they are able

to contribute for fission gases. It can be seen that the stresses are almost independent of

the kernel density, and we can neglect it from mechanical fuel performance viewpoint. If

we plot the stresses as a function of buffer density, it will look the same as Figure 4-8,

therefore buffer density is not a parameter of interest as well.
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Figure 4-8. Stresses in structural layers versus fuel kernel density

4.1.1.7. IPyC and OPyC Densities

10.6

The perturbation results on IPyC and OPyC densities are shown in Figure 4-9 and

Figure 4-10. PyC density strongly correlates with PyC BAF,, and affects fuel

performance in a complicated way. But they don’t look like major players.
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4.1.1.8. Irradiation Temperature

The perturbation results on irradiation temperature are shown in Figure 4-11.
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Figure 4-11. Stresses in structural layers versus irradiation temperature

Not surprisingly irradiation temperature dramatically influences stresses in fuel
particles in a non-linear way. This comes from the temperature dependent creep
coefficient we discussed in Section 2.4.4. According to the pyrocarbon creep model,
creep is least active around 600°C. As temperatures rises, more and more stress
relaxation takes place and we see the behavior in the above figure. It should be noted that
the quadratic temperature dependency of creep coefficient might be a fitting artifact, so
we should use it with cautiousness. However, high temperature promotes irradiation
creep is supported by many experimental evidences, so the stress-temperature

relationship above 600°C is trust-worthy.
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4.1.1.9. Ambient Pressure

The perturbation results on ambient pressure are shown in Figure 4-12. Most load
from the environment is taken by the SiC layer, and when ambient pressure is higher, the
SiC layer is in higher compression. The OPyC layer shows a little less tensile stress when
ambient pressure goes up, because ambient pressure helps the OPyC layer to press the

SiC layer, so OPyC feels less onerous in the action.
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Figure 4-12. Stresses in structural layers versus ambient pressure

4.1.1.10.U* Enrichment

The perturbation results on U*® enrichment are shown in Figure 4-13. U
enrichment only affects the atomic weight of Uranium mix in the fuel kemel, which is
then used in calculating the moles of Uranium in the kernel. We scanned a wide range of

it and its effect is trivial.
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Figure 4-13. Stresses in structural layers versus U*® enrichment (symbols for clarity)

4.1.1.11. End-of-life Fast Neutron Fluence and Burnup

In the ranges we choose for end-of-life fast neutron fluence and burnup, these two
parameters don’t influence the maximum PyC stresses and minimum SiC stresses
because they are achieved at early stage of irradiation.

We have seen that for coated fuel particles in HTGRs, pyrocarbon crack induced
particle failure is the dominant failure mode. Therefore when it comes to fuel particle
design, we should configure the particles to limit the stresses in PyC layers and minimize
their cracking rates. We've also seen that the behavior of the IPyC and OPyC layers are
quite independent, so we could design them separately. Now we list the stress variations
associated with the variation of each input parameter, and rank them based on the
amplitude of IPyC stress variation from top down in Table 4-2. The last four parameters
are not really important in terms of fuel design. In the remaining ten parameters,
temperature, kernel diameter, and SiC thickness are important to all three layers; 1PyC

BAF, and IPyC thickness are important to IPyC and SiC layers; OPyC BAF, and OPyC
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thickness are important to OPyC and SiC layers; the remaining three parameters IPyC
density, OPyC density, and buffer thickness are secondary. We also summarize how
stresses change with some parameters in Table 4-3. In next section we look at the inter-

dependencies between two parameters.

Table 4-2. Stress Variations in Structural Layers

Parameter Max. IPyC Min. SiC Stress Max. OPyC

Stress (MPa) (MPa) Stress (MPa)

Irradiation Temperature (°C) | 203.4 —410.0 -761.9 — -400.2 155.0-2959
IPyC BAF, 269.4 - 381.9 -656.9 —-548.1 236.7 - 238.7
Kernel Diameter (pum) 301.5-379.6 -646.5 — -520.9 216.6 -247.8
[PyC Thickness (jum) 3109 -349.8 -765.7—-453.9 237.0-2372
SiC Thickness (um) 313.5-3313 | -1151.4--4122 | 228.3-241.4
IPyC Density (g/cm’) 324.7-3382 | -607.7--6012 | 235.6-2383
Buffer Thickness (um) 319.9-330.0 -635.4--519.0 228.8 -243.2
OPyC Thickness (um) 322.6-331.3 -764.3 —-421.4 214.7-263.0
OPyC Density (g/cm”) 323.4 3289 -619.6 — -598.9 233.6-2734
OPyC BAF, 325.2-330.6 -679.5 —-522.9 182.3 -292.2
Buffer Density (g/cm’) 326.1-327.2 -608.7 — -600.6 237.1 -237.2
Ambient Pressure (MPa) 326.3 -327.0 -640.7 —-572.7 232.7-2412
Kermel Density (g/cm3) 326.6 —326.8 -605.7 — -604.2 237.2-2372
U™ Enrichment (%) 326.7-326.7 | -605.5—-604.9 | 237.2-237.2

Table 4-3. Stress Changing Direction as Parametric Values Increase

Parameter Max. IPyC Min. SiC Stress Max. OPyC
Stress Stress
Irradiation Temperature (°C) + - -+ + -
IPyC BAF, + - -
Kernel Diameter (jum) - + +
IPyC Thickness (um) + - + -
SiC Thickness (um) + + +
[PyC Density (g/cm3 ) -+ + -
Buffer Thickness (um) + - - +
OPyC Thickness (um) - - -
OPyC Density (g/cm®) - - +
OPyC BAF, - - +
Ambient Pressure (MPa) - - -

( +: increase; -: decrease; + — -: increase then decrease; - — +: decrease then increase.)
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4.1.2. Parameter Inter-dependency Study

Our task here is to identify some dependent variables such as the maximum IPyC
stress as a function of sixteen parameters. Imagine we choose three values for each
parameter at which we evaluate the dependent variable, ideally we would need to sample
316 (43 million) points in the multivariate space. To get a better idea of the shape of the
function, finer divisions are necessary, which makes the sampling job formidable. On
another end of the spectrum, if all sixteen parameters are independent, i.e. the overall
function can be decomposed into sixteen functions each of which is a function of one
parameter, then we only need 3x16 = 48 sampling points for the same task. The real case
is usually somewhere in between. Unfortunately we don’t know the independencies
among parameters. However, we can make estimations. Perturbation analysis is the first
step to help us gain some knowledge on how the dependent variable changes with
parameters and how big the influence of each parameter is. In perturbation analysis, we
found that some parameters don’t have significant effects on the critical stresses in coated
fuel particles, so we forgo them in further study. We also observed that the shape of the
function is fairly simple and in most cases monotonic. In multivariate space, perturbation
with respect to parameter x is like sampling a line parallel to x axis. Now we can scan a
plane parallel to the x-y plane to study whether x and y are correlated or dependent. We
may call this surface analysis or parameter inter-dependency study. Of course in a
sixteen-dimensional space, its 2-D, 3-D, 4-D ... subspaces can be used to sample it, but
we assume 2-D surface analysis is good enough in understanding the whole space. Now
we use examples to illustrate surface analysis and what information it can provide to fuel

optimization.

4.1.2.1. Strongly Dependent Parameters

Figure 4-14 shows the effects of kemel diameter together with buffer thickness on

maximum IPyC stress.
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Figure 4-14. Maximum IPyC stress as a function of kemel diameter and buffer thickness

As kemnel diameter rises, the dependency of maximum IPyC stress on buffer
thickness is gradually modified from monotonically decreasing to increasing. We then
say that these two parameters are strongly dependent or correlated because kernel
diameter has to be specified before we can determine the dependency of maximum IPyC
stress on buffer thickness. The effect shown in Figure 4-14 comes from two aspects: one
is internal pressure and another is a geometric effect. As the radius of a certain structural
layer increases (the curvature of it decreases), it can be shown from stress analysis that
the tangential stress in that layer decreases. The increase of buffer thickness lessens
internal pressure, which causes maximum IPyC stress to go up. On the other hand, it
effectively increases the radius of IPyC layer, which counteracts the effect of internal
pressure. The above figure clearly illustrates the competition between the two. However
when we increase kernel diameter, two cffects act in the same direction, so the IPyC
stress always goes down. Now we know if we want to minimize IPyC stress by merely
designing kernel diameter and buffer thickness, we would choose the biggest kernel

within permitted range and then scan the whole range of buffer thickness.
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Another example is the strong dependency between IPyC BAF, and IPyC density, as
shown in Figure 4-15. This is well expected because anisotropy and density of
pyrocarbon are correlated with its microstructure. OPyC BAF; and OPyC density show

similar trend.

4.1.2.2. Independent Parameters

Figure 4-16 shows the effects of IPyC thickness together with SiC thickness on
maximum IPyC stress. In the two-dimensional surface, the maximum IPyC stress
increases with thicker IPyC and SiC layers, regardless of where in the surface it is
evaluated. These two are then called independent parameters, and they can be evaluated

individually in fuel design process.
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Another example is shown for irradiation temperature and IPyC thickness in Figure

4-17.

4.1.2.3. Weakly Dependent Parameters

If the parameter inter-dependency doesn’t fall into the above two categories, we call it
weakly dependent. This case happens in those parameters which have small influence on
the dependent variable. An example is given in Figure 4-18. When irradiation
temperature is 500°C, maximum IPyC stress is the lowest at OPyC BAF, of 1.3; when
irradiation temperature is 1300°C, maximum IPyC stress is the lowest at OPyC BAF, of
1.1, so the changing of irradiation temperature affects the shape of the function of
maximum IPyC stress with respect to OPyC BAF,. Since IPyC stress is barely influenced

by OPyC parameters, this weak dependency can be treated as independent.
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Figure 4-18. Maximum IPyC stress as a function of temperature and OPyC BAF,
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We performed surface analysis for every pair of parameters and present their inter-

dependency relationships in Table 4-4.

Table 4-4. Parameter Inter-dependency Table

T [ et | ovs | Thehos | Thiokmess | Tiness | BATo | Dersty | Bara | Doty
T : i WD 1 I 1 WD | WD | WD | WD
pemel |1 - SD I I I I I I I
ouler | wD | SD - I I I 1 | wDp | I 1
et S I I - [ 1 I | WD | 1 1
A 1 I I - I 1 | wD | 1 | WD
e 1 I 1 1 I : I | wpD | 1 | WD
e | wp | 1 I I I 1 - SD I | WD
Doty | WD |1 wp | wp | wp | wp | sD - | wp | wD
e WD |1 I 1 I I 1 | wp | - SD
Dy | WD I I I WD | WD | WD | wD | SD -

(SD: strongly dependent; WD: weakly dependent; I: independent.)

We see in Table 4-4 that the strong dependencies are enclosed in the particle
dimensions subspace and material properties subspace, so the subspaces are just weakly

dependent, which facilitates our design process.

4.2. Proposed Optimization Procedure

In our terminology, fuel particle optimization means configuring the particles for their
best mechanical performance, namely, minimum mechanical fuel failure probability. It
has been discussed and demonstrated in Chapter 2 and Chapter 3 that the failure of a
whole particle may be triggered by either the cracking of pyrocarbon layers or by the
overpressure rupture of all structural layers, especially the SiC layer. This translates to
two optimization guidelines: (1) minimizing the failure probability of pyrocarbon layers,
(2) minimizing the direct pressure vessel failure of the SiC layer. Our approach to the

first guideline is to suppress stresses in PyC layers and lift their strengths. Given that the
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average stress in the SiC layer is compressive in most cases, we set the design criterion in
responding to the second guideline as controlling the SiC stress to be non-positive at all
times.

We now re-define in Table 4-5 a subspace of the one given in Table 4-1 for fuel
particle optimization purpose this instead of the parametric study. The parameter ranges
chosen here reflect better consideration of practical issues and past fuel manufacture
experience. For example, if the fuel kernel is too large, it may depart significantly from
spherical shape and increase the failure rate of coated particles, which will be discussed
in Chapter 6. Kernel diameter of 600pm was used in HTTR first-loading fuel. The
thicknesses of structural layers should be large enough compared with their variations
resulting from CVD process and grain sizes. As for pyrocarbon BAF,, perfectly isotropic
pyrocarbons may not be producible, as shown in Figure 2-22, so we select 1.01 as its

lower bound.

Table 4-5. Value Ranges for Input Parameters in Fuel Optimization

Parameter Low Nominal High
Kernel Diameter (um) 200 400 600
Buffer Thickness (um) 60 50 120
IPyC Thickness (um) 30 45 60
SiC Thickness (um) 25 35 45
OPyC Thickness (um) 30 50 70
IPyC Density (g/cm’) 1.8 1.9 1.99
OPyC Density (g/cm’) 1.8 1.9 1.99
IPyC BAF, 1.01 1.045 1.08
OPyC BAF, 1.01 1.045 1.08
Irradiation Temperature (°C) 600 900 1200

To optimize the fuel particles, we work in the sequence of temperature, particle
dimensions, and pyrocarbon properties. From Table 4-3 we find a sure-gain situation with
SiC thickness, OPyC thickness, and ambient pressure, because the stresses in structural
layers change in the same direction when each of them changes. Based on all this
information gained from perturbation and surface analyses, we propose the following fuel
particle optimization procedure.

(1) The irradiation temperature is generally determined by the reactor core specification.

If it is not, higher temperature is better from mechanical fuel performance viewpoint.
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(2) Minimize SiC thickness and maximize OPyC thickness in given ranges.

(3) Minimize IPyC thickness and maximize kernel diameter for the sake of IPyC layer
integrity, but make sure the end-of-life SiC stress is non-positive. This is because
their effects on IPyC stress are more significant, and IPyC stress is generally higher
than OPyC stress, as shown in previous stress plots, which makes it more liable to
failure.

(4) Scan the values for buffer thickness to find the minimal value of the maximum IPyC
stress, and again make sure the end-of-life SiC stress is non-positive. In step (3)
kernel diameter has been set, so its strongly dependent buffer thickness needs to be
scanned in its whole range.

(5) Level up IPyC BAF, starting from 1.01 and look for maximum positive gap between
IPyC strength and maximum [PyC stress, and then scan the values for IPyC density to
find the minimal value of the maximum IPyC stress, but pay attention to acceptable
density values according to Figure 2-22. For example, when pyrocarbon BAF, equals
to 1.02, its density may not go above 1.96g/cm3 . The idea here is that the wider the
gap between IPyC strength and IPyC stress is, the less likely the IPyC layer would be
failed.

(6) Choose OPyC BAF, and OPyC density for the OPyC layer, as in step (5).

It should be addressed that the proposed fuel optimization procedure is not the only
one, and one set of optimization results needs to be taken with the whole pack of material
models we have been using. If for instance the relationship between PyC strength and
PyC BAF, is updated later, we may get a quite different answer, but the optimization

procedure still applies.

4.3. Simulations in MPBR with Optimized Particles

In this section we do a systematic exercise on fuel optimization in Modular Pebble
Bed Reactor (MPBR) environments. First of all, we demonstrate the simulations of LEU-
TRISO fuel, which was the German reference coated particle design and is adopted by
ESKOM of South Africa as the fuel design for their Pebble Bed Modular Reactor
(PBMR) [125], in two MPBR cores discussed in Section 2.6.
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4.3.1. Simulations of LEU-TRISO Fuel in MPBR environments

The LEU-TRISO fuel stands for Low-Enriched Uranium TRISO particle fuel which
was established as the reference coated fuel particle design in Germany in 1980 [126].
Two series of LEU-TRISO fuel particles were manufactured by German NUKEM plant
for irradiation testing under controlled conditions in materials testing reactors. The LEU
Phase 1 fuel spheres (pebbles) were manufactured in 1981 and were irradiated under a
variety of different conditions in several reactors. The so-called “Proof Test” fuel spheres
were manufactured in 1988, and eight spheres were irradiated under conditions

simulating the High Temperature Modular Reactor (HTR-Modul) conditions in the HFR

Petten materials testing reactor [126][127].

Table 4-6. Specifications for LEU-TRISO Fuel [128][129]

Parameter Design Specification As Manufactured
Fuel Type U0, Uuo;
U Enrichment (%) 7.8+0.1 !
Kemel Diameter (um) 500 £ 20 497 £ 14.1
Kernel Density (g/cm’) >10.4 10.81 £0.01°
Buffer Thickness (um) 90+ 18 94 +10.3
Buffer Density (g/cm’) <1.05 1.00 £ 0.05"
IPyC Thickness (um) 40+10 41 +4.0
IPyC Density (g/cm®) 1.90 + 0.1 Not Measured
SiC Thickness (um) 35+4.0 36x1.7
SiC Density (g/cm’) >3.18 3.20
OPyC Thickness (um) 4010 40+22
OPyC Density (g/cm’) 1.90 + 0.1 1.88
IPyC/OPyC BAF, 1.058" +0.00543" 1.058" £ 0.00543"
Defective SiC <6x107 3.5x 107

( " Values filled in by author; T Minor deviations in this parameter occur due to technical
reasons. We use its design value in simulations.)

Our purpose here is to take use of this fuel design to show simulations in VSOP
modeled MPBR cores and to exhibit the effect of fuel optimization. We make no claim
that the optimized fuel particles are superior to LEU-TRISO fuel particles, but suggest

that according to our current fuel performance model and material database, the predicted

186



failure probabilities of optimized fuel would be lower in simulated MPBR cores. Our fuel
performance model still needs further benchmarking and qualifications and new fuel
particles could be manufactured using optimized fuel specifications and tested to verify
their performance.

The specifications for reference LEU-TRISO fuel particles are given in Table 4-6
[128][129]. The “Design Specification” column in the table refers to HTR-Modul design
values, and the “As Manufactured” column refers to values achieved during manufacture
of Type EUO 2308 coated particles. These reference particles were used for all
irradiation qualification experiments for Phase 1 [128]. Firstly we look at the behavior of
a nominal design-specified LEU-TRISO fuel particle in two MPBR cores described in
Section 2.6. The behavior of a nominal as-fabricated LEU-TRISO fuel particle is very
similar because the main difference between the two lies in the variations in their
properties. Then we run Monte Carlo simulations to predict the failure probabilities of
these fuel particles.

Figure 4-19 and Figure 4-20 show the fast neutron fluence and burnup of a nominal

LEU-TRISO particle in MPBR environments.
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Figure 4-19. Fast neutron fluence received by a nominal LEU-TRISO particle in MPBRs
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Figure 4-20. Burnup of a nominal LEU-TRISO particle in MPBRs

The particle went through 10 cycles in MPBRI and 6 cycles in MPBR2. The
irradiation time is about 750 days in MPBR1 and 1000 days in MPBR2. The end-of-life
fluence and burnup depend on the specific path the particle follows, so the fluence and
burnup developments shown in the above two figures are just examples. When we run
Monte Carlo simulations, each sampled particle may have a specific path-dependent
irradiation history. Roughly speaking, the end-of-life fluence for the particle in MPBR1
and MPBR2 are 1.9x10%'n/em’ and 2.8x10*'n/cm?, respectively; the end-of-life burnup is
between 9% to 10% FIMA. The accumulation of {luence and burnup in each cycle clearly
indicates the cosine-shaped power and fast neutron flux distributions in the axial direction
of the reactor cores.

Figure 4-21 shows the power histories of the particle in two reactor cores. Due to the
high power peaking factor in the mixing zone of MPBR1, the power history in it shows
more fluctuation. The power history in MPBR2 presents better decreasing trend across

cycles due to the depletion of fission materials.
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Figure 4-21. Power histories of a nominal LEU-TRISO particle in MPBRs
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Figure 4-22. Temperature histories of a nominal LEU-TRISO particle in MPBRs
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Figure 4-22 shows the temperature histories at the center of the particle corresponding
to the irradiation histories. Although the coolant inlet and outlet temperatures of MPBR 1
are lower than of MPBR2, as shown in Table 2-23, the fuel temperature in MPBRI could
reach higher in the presence of very high local power density. As a result, the time
averaged fuel temperature in MPBR1 may indeed be higher, which leads to lower stresses
in structural layers, as plotted in Figure 4-23. The ripples of stress curves are created by

thermal cycling in Figure 4-22.
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Figure 4-23. Tangential stresses of a nominal LEU-TRISO particle in MPBRs

Since we haven’t elaborated on irradiation induced dimensional changes of
pyrocarbon layers of particles in pebble bed reactor system, here we give an example in
MPBR2. Figure 4-24 shows the dimensional change rates, because they are what we use
in non-isothermal simulation environments discussed in Section 2.4.3.5. The way we use
dimensional change rates in stress analysis is to fit them into fourth order polynomial as

formulated in Appendix A. Because the rates are discontinuous across cycles, we need to
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perform stress analysis on each cycle and carry over stresses to next cycle as residual

stresses.
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Figure 4-24. Irradiation induced dimensional change rates of PyC layers in MPBR2

Now we simulate the designed specified and as fabricated LEU-TRISO fuel particles
in MPBR1 and MPBR2 cores, with 1,000,000 sampling cases each. The failure
predictions together with their standard deviations are summarized in Table 4-7. Firstly,
because the average fuel temperature in MPBR1 is higher than in MPBR2, the stresses
hence the failure probabilities of coated particles are lower in MPBRI1. Secondly,
comparing the performance of design specified fuel with as fabricated fuel, we find the
PyC layer failure probabilities in as fabricated fuel are a little higher but particle failure
probability is much lower. This is because the failures of the SiC layer is primarily driven
by the extreme particle species on the tails of their dimension distributions, and the
narrowing of those distributions in as fabricated fuel particles excludes many of those
which could trigger SiC failure. Thirdly, in the simulation of one million as fabricated

particles in MPBR1, the standard deviation of particle failure probability (0.00555%) is
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higher than itself (0.00340%), meaning the prediction is not significantly different from
zero. We then increased the sampling cases to ten million, then the standard deviation
decreased to about half of the mean particle failure probability. We see that the
predictions of mean values are not improved significantly by increasing sample size, but

standard deviations can benefit by a factor of the square root of the times of sample

enlargement, in this case, about V10 . The failure developments in four cases are plotted

in Figure 4-25.

Table 4-7. Failure Predictions on LEU-TRISO Particles in MPBR1 and MPBR?2

Case IPyC Failure | OPyC Failure | SiC Failure Pa‘T“de
Failure
Design Specified in 34.37% + 3.66% + 0.104% + 0.104% =
MPBR1 0.388% 0.189% 0.0286% 0.0286%
As Fabricated in 35.84% + 3.78% + 0.00340% £ | 0.00340% =+
MPBRI (1M Cases) 0.456% 0.196% 0.00555% 0.00555%
As Fabricated in 35.93% + 3.80% * 0.00394% + 0.00394% +
MPBR1 (10M Cases) 0.149% 0.0603% 0.00210% 0.00210%
Design Specified in 52.25% + 6.91% £ 0.461% + 0.461% +
MPBR2 0.498% 0.259% 0.0766% 0.0766%
As Fabricated in 55.41% + 7.00% + 0.0645% + 0.0645% =+
MPBR2 0.522% 0.239% 0.0239% 0.0239%
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Figure 4-25. Failure developments of LEU-TRISO particles in MPBRs
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4.3.2. Simulations of Optimized Fuel in MPBR environments

As described in Section 4.2, if we want to optimize the fuel deployed in the MPBR
environments, the first step is to determine the irradiation temperature. Even though
particles experience non-isothermal environments in MPBRs, we can define an effective
constant irradiation temperature for the purpose of optimization, because the temperature
doesn’t have strong inter-dependency with other input parameters as shown in Table 4-4.
The effective temperature is determined when a nominal particle irradiated under it
shows a stress curve which more or less duplicates the wavy stress curve in the real
MPBR environment, and the maximum stress is equivalent to that of the wavy stress
curve. We will show an example shortly.

We only demonstrate the fuel optimization for MPBR?2, and the process is the same
for MPBR1 and any other coated particle irradiation environment. The effective
irradiation temperature we found is 910°C, then we follow the optimization procedure in
Section 4.2 and get the optimized fuel configuration given in Table 4-8. Parameters not
listed in the table are chosen to be the same as in design specified LEU-TRISO fuel. It
should be noted that we only design the nominal values of parameters. It is intuitive to
know the narrower the distributions on parameters, the better, but in practice, tightening
of those distributions infers more cost of quality control. The consideration of such issue

and chemical aspects of the fuel performance in fuel optimization will be future work.

Table 4-8. Optimized Fuel Configuration for MPBR2

Parameter Value
Irradiation Temperature (°C) 910
Whole Particle Radius (pm) 545
Kemel Diameter (um) 600
Buffer Thickness (um) 120
IPyC Thickness (pm) 30
IPyC Density (g/cm’) 1.99
IPyC BAF, 1.08
SiC Thickness (um) 25
OPyC Thickness (pm) 70
OPyC Density (g/cm’) 1.99
OPyC BAF, 1.08
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We see from the table that the optimized fuel particle has big fuel kernel and buffer
layer and thin IPyC and SiC layers. The reason we end up with a relatively high BAF,
value for IPyC and OPyC layers is the gap between PyC strength and stress is the widest
at it within the parameter range. This totally depends on the PyC strength model we use,
therefore more verification of material models is necessary. The PyC density is chosen
according to the optimized BAF, and BAF,-density correlation in Figure 2-22. The
stresses in a nominal optimized fuel particle are plotted in Figure 4-26 together with the
stresses in original designed specified particle. For clarity we don’t put OPyC stresses in
the plot. The effect of optimization is to bring down IPyC stress by about 35MPa and
increase IPyC strength to broaden their gap. The stress development under effective

irradiation temperature replicates that in real pebble bed environment very well, as shown

in Figure 4-26.
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Figure 4-26. Tangential stresses of an optimized particle and a LEU-TRISO particle in
MPBR?2 (Stresses at the centers of layer thickness are given. ‘DS’ means designed
specified fuel; *OP’ means optimized fuel; ‘eff” means effective temperature.)
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We take this opportunity to show the strains and displacements in the nominal

optimized particle, which we haven’t done before. The strain-displacement relationships

arc

g, = aa“r' and €, = ”7 (4.2)

From Figure 4-29 we see that the OPyC layer has more freedom to move in the radial
direction and its outer surface can displace inward by about 3.5um. The IPyC layer is
confined by the SiC layer on one side and the internal pressure on another, so its
movement is smaller. Initially the inner surface of [PyC moves toward the fuel kernel, as
internal pressure builds up and irradiation induced radial strain turns around, it heads
another direction as the figure illustrates. Based on eq. (4.2), tangential strains in Figure
4-28 exhibit similar behaviors as radial displacements. Radial strains are the gradient of
radial displacements, and in Figure 4-27 we see the SiC layer is very resistant to radial

deformation, so it looks like a rigid wall to pyrocarbon layers. The radial strains in IPyC
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and OPyC could reach 4% to 5%, but those are the total strains. The elastic strains are
much smaller, and the assumption of elastic deformation of structural layers is still valid.
To perform Monte Carlo sampling, we attach two sets of distributions to the
parameters of optimized fuel particles: one from design specified LEU-TRISO fuel, and
another from as fabricated LEU-TRISO fuel. We call these two cases Optimized 1 and 2,
respectively. We also widen the standard deviations IPyC and OPyC BAFps from
0.00543 to 0.00816 on Optimized 1 to give a sense of the effect of parameter
distributions. This case is called Optimized 3. The predicted failure probabilities are

given in Table 4-9.

Table 4-9. Failure Predictions for Optimized Particles in MPBR2

Case IPyC Failure | OPyC Failure | SiC Failure Particle
Failure
Optimized 1 in 3.40% + 0818%+ | 00001%+ | 0.0001%+
MPBR2 0.191% 0.0890% 0.001% 0.001%
Optimized 2 in 3.23%+ 0.834% +
s e e | 0.0%+00% | 0.0%0.0%
Optimized 3 in 3.52% + 0.867% * o o 0
MPBR2 0.184% 0.106% | 00%£0.0% | 0.0%x0.0%

Comparing Table 4-9 with Table 4-7, we see that the IPyC and OPyC failure
probabilities are decreased by an order of magnitude. The effect of optimization on SiC
failure is even greater. In all three cases the SiC failure probability is not higher than 1 x
10, much lower than the defective SiC level given in Table 4-6. In Optimized 1
simulations, we found one particle failure in a million runs, but statistically it doesn’t
count because its standard deviation is wider. In the case of Optimized 3, widening the
distributions on PyC BAFs doesn’t increase the particle failure probability.

Now we summarize what we have learned through this chapter. As discussed before,
to achieve the optimized fuel performance for coated fuel particles, we can design the
environment (basically the irradiation temperature) the particles are in, the material
properties the coating layers have, and the dimensions of fuel kernels and various coating
layers. We see from Table 4-4 that these three types of input parameters which we can
design are almost independent in influencing the stresses in particles, so the three types

can be designed separately. The implication of this finding is that basically the optimized

197




particle dimension does not alter with varying coating material properties and irradiaton

temperatures, and the optimized coating material properties are not affected by varying

particle dimensions. With this said, we give recommendations to the optimized fuel
design as follows.

(1) The kemel and layer dimensions show geometric effects on the stresses in the
structural layers. Namely, they influence the way that stresses distribute and forces
balance in the layers, which has nothing to do with irradiation induced dimensional
changes and creep which depend on material properties and irradiation temperature.
Of course the kernel diameter and the buffer thickness also affect particle interal
pressure which contributes to stresses, but again, this does not depend on material
properties. Even if later on the material models change, for example, the function of
irradiation creep on irradiation temperature and PyC density (as shown in Figure
2-28) is modified, or new values of the coating material properties arrive, the effects
of particle dimensions on stresses should not change. Therefore, we are confident to
say that the optimized particle dimensional configuration can be determined by the
proposed optimization procedure in Section 4.2, regardless of the material models
used in the current fuel performance model and the irradiation temperature. The
general guideline for optimal particle dimension is that a particle with large fuel
kernel, thin IPyC and SiC layers, and thick OPyC layer is favorable.

(2) The dependence of stresses on irradiation temperature, as shown in Figure 4-11, is
primarily due to the increase of the creep coefficient with the increase of temperature
in the high temperature range, as shown in Figure 2-28. As long as the effect of
irradiation temperature on irradiation creep remains the same, we see from Figure
4-11 that higher temperature environment is better from the fuel mechanical
performance point of view.

(3) The BAF, and density of the IPyC and OPyC layers influence their irradiation
induced dimensional changes and creep, their elastic constants, and their strengths.
When different material models are incorporated in the overall fuel performance
model, the effects of BAF, and density of PyC on stresses in the structural layers may
be different. Therefore, we do not have a simple recommendation for the values for

them. In Section 4.3.2, the optimized BAF, we found based on our material models
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was 1.08. This is quite a high value compared with the widely-accepted view that
more isotropic pyrocarbon layers are better for coated fuel particles. The reason for
this is that the strengths of PyC layers increase as BAF increases, as shown in Figure
2-41, which is physically sound as explained in the last paragraph on Page 100.
Furthermore, the strengths of PyC layers increase faster than the stresses in PyC
layers as BAF, increases, so that the failure probabilities of PyC layers drop
accordingly. If indeed the PyC strength does not increase with BAF, as fast or even
decreases with the increase of BAF,, we will get a different answer for the optimal
value of BAF, for pyrocarbon layers. Until experimental data or theoretical study
show that the PyC strength model used in this thesis is incorrect, we keep the current

optimized result.

The idea of the fuel optimization process presented in this chapter is to show a
method in fuel design rather than to give some optimal values for the parameters of
coated fuel particles. In the future when better material models are available, the whole

fuel optimization concept still applies, but the absolute optimal values may differ.
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Chapter 5.

Linking Material Properties to Manufacturing
Control Parameters

What we have done so far with fuel performance modeling is to build the connection
between a set of input parameters for coated fuel particles, including pyrocarbon and
silicon carbide material properties, and the performance of those particles. The missing
piece yet is the linkage between controllable deposition conditions and those material
properties. In this context silicon carbide is the easy one to deal with because its structure
is relatively simple and well characterized. However, the structure of pyrolytic carbon
(pyrocarbon) in application is very complicated. It can take any number of quasi-
crystalline forms ranging continuously from the near amorphous to the highly crystalline
graphitic state. The structure of pyrocarbons is the intermediate layer between deposition
conditions and material properties, so knowing the relationships among them is quite
important. Bokros [40] did a very comprehensive study on this issue, and for the
completeness of this thesis, we give a quick review of the findings of his work. We start
with the deposition mechanisms of pyrocarbons in fluidized bed, then talk about the
characterization of the microstructure of pyrocarbons, and proceed to the relations
between the structure and deposition conditions and between the structure and properties

of pyrocarbons.

5.1. Mechanisms of Pyrocarbon Formation in Fluidized Bed

Many qualitative mechanisms, models, and theories have been devised to explain the
phenomenology of carbon formation during the pyrolysis of gaseous hydrocarbons. Each
attempts to show how carbon in a low molecular weight hydrocarbon can be aggregated
during pyrolysis into large planes containing hundreds of carbon atoms arranged in a
hexagonal array. Any process that starts with small gaseous hydrocarbons and ends with

large carbon particles must obviously involve growth or condensation as well as
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dehydrogenation. Grisdale et al. [130][131] suggest that at any moment, there exists in
the pyrolyzing atmosphere an entire series of molecular species ranging in size through
the aromatics to complex transitional molecules of low hydrogen content and high
molecular weight which, in the limit of their existence, become indistinguishable from
the deposited carbon itself. The vapor pressure of each species must decrease
monotonically as its size increases and its hydrogen content decreases until it becomes
possible to nucleate “droplets” whose viscosity increases as pyrolysis proceeds.

This leads to two distinct mechanisms of carbon formation. In one mechanism, nuclei
are formed homogeneously in the gas and grow to become soot particles. In the other
mechanism, the carbon forms by condensing directly on the walls of the tube and form
vitreous surface carbon, thus preventing the formation of gas-borne nuclei. The structures
of all kinds of pyrocarbon deposits are determined mainly by the relative rates of (1)
formation of gas-borme aggregates which are incorporated into a surface deposit and (2)
direct condensation without homogeneous nucleation.

The use of high-temperature fluidized beds to coat fuel particles with pyrolytic carbon
has emerged from several processes as the standard manufacturing method. This is
because the product has a preferred type of structure and coating sphericity is better than
those obtained with other processes. The fluidized bed technique has been briefly
mentioned in Chapter 1 and the fluidizing furnace was shown in Figure 1-4. The particles
are fluidized normally in a spouted mode throughout the coating operation by injecting
gas containing a gaseous hydrocarbon at the base of the graphite coating column. The -
particles in the vicinity of the axis of the fluidizing vessel are taken into the stream of gas
injected through the nozzle and accelerated from an initially negligible speed to one
comparable to the gas velocity. When the particles reach the top of the bed, they gain
some radial movement so that they fall outside the main zone of upward gas flow. Near
the walls of the vessel the particles are closely packed and move downward to be fed
again into the spout. The gas mixture is heated by the surrounding wall of the coating
vessel cither directly or through the circulating particles which receive their heat from the
furnace wall in the upper zone of the vessel. Based on the above description, we can
identify the independent variables important in controlling the pyrolysis process and thus

the structure of the pyrocarbon deposited:
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(1) The nature of the parent hydrocarbon and its concentration,

(2) the temperature of pyrolysis,

(3) the contact time - the time allowed for the pyrolysis to occur, and

(4) the geometry of the flmdizing vessel, in particular, the ratio between the surface area

to be coated and the volume occupied by the pyrolyzing gas.

5.2. Characterization of the Structure of Pyrocarbons

Pyrocarbon deposits can have any of a variety of complex structures. In these
structures, most of the carbon atoms are arranged in planar hexagonal arrays linked
together by strong covalent bonds. The layers vary in perfection and are thought to be
wrinkled or contain single or multiple vacant lattice sites. Although the layers in most
structures are parallel to one another and are bonded by weak van der Waals forces, some
structures contain single unassociated layers, a small fraction amorphous carbon, or
substantial amounts of hydrogen [38][39]. Because of the anisotropy of the bonding and
variations in the crystallinity and preferred orientation of pyrolytic carbon, wide
variations in properties are expected, as we mentioned in Section 2.4.1. In order to take

advantage of these variations, it is necessary to characterize each deposit.

5.2.1. Characterization by X-ray Diffraction

The characterization of pyrocarbons is expressed by crystallite size, layer spacing,
and degree of preferred orientation, i.e. Bacon Anisotropy Factor discussed in Section
2.4.1. Here we talk about crystallite size and layer spacing. In 1941, Warren [132]
presented a theoretical analysis of diffraction by random layer lattices and giving
equations for both the form and intensity of the (hk) bands. His equation for the mean
layer diameter L, in terms of the breadth By of a two dimensional lattice reflection

L, :& ’ (5.1)
B4, cosB

had been used to characterize the structure of many carbon deposits. The quantities A and

0 are the wavelength of the X rays and the diffraction angle, respectively.
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The usual Scherrer [133] equation for the height of the crystallites is

L, = ﬂ (5.2)
B gor, €030

Biscoe and Warren found that the L, and L. of carbons were proportional to one another.
L, is usually in the range L, = L to L, = 2L..
The layer spacing deposited in fluid beds at temperatures in the range of 1200 -

2200°C is near the ideal spacing of 3.44;1. When carbons are deposited above 2200°C,

the mean layer spacing will decrease. Bacon [134] gave a relation for mean layer spacing
d tobe
d =3.44-0.086(1- p)-0.064p(1 - p), (5.3)

where p is the fraction of layers that are disordered.

5.2.2. Characterization by the Microstructure of Pyrocarbons

One of the easiest methods used to characterize pyrolytic carbon deposits involves
categorizing them according to their appearance when viewed metallographically with
polarized light. The deposits formed in fluid beds may or may not show growth features
when viewed with polarized light. Deposits without a visible grain structure have been
divided into two groups according to the anisotropy revealed by polarized-light
examination [135]. When a deposit is optically active, it is called “laminar”; when it is
not, it is called “isotropic”. Carbon deposits formed in fluid beds that have distinct grains
visible in their microstructure are called “granular” when the grains are small and nearly
randomly oriented and “columnar” when the grains are larger and more aligned with the
growth direction [136]. Examples of the four microstructural types are shown in Figure
5-1. Microstructures made up of distinct grains are formed when deposition conditions
favor orderly growth, i.c., there is a low degree of supersaturation of carbon in the gas
phase and large gradients in composition and temperature. Microstructures without
growth features are formed under large supersaturation when a considerable amount of
carbon is available to the surface and gradients in temperature and composition are small.

The origin of the microstructures of pyrolytic carbon will be discussed later.
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Figure 5-1. Microstructures of pyrolytic carbons deposited in fluid beds: (a) columnar
400x (from Bard et al. [137]), (b) granular 240x, (¢) laminar 120x, and (d) isotropic,
240x. Polarized light. (from Bokros [40])
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5.3. Relation between Pyrocarbon Structure and Deposition
Conditions

Pyrocarbon coatings with the optimum combination of properties were not
reproducibly prepared until systematic studies correlating the properties and structures of
the carbon deposited with the deposition conditions were performed. For deposition on
nuclear fuel particles, experience has shown that all the coating and structural parameters

in Figure 5-2 are necessary to uniquely specify the deposition conditions and the structure

of pyrocarbon deposited.
Bed Temperature Coating Rate and
Efficiency
(Gas Composition
Bed
Reactions Coating Structure
Total Flow Rate 1. Anisotropy
(Contact Time) 2. Density
3. Apparent
Crystallite Size
Bed Sutface Area 4. Microstructure

Figure 5-2. Diagram relating four coating parameters, the bed reactions, the coating rate,
and the structure of the pyrocarbon deposited (from Bokros [40])

Through systematic variation of the four independent deposition parameters and
observation of the structure of the pyrocarbon deposited, numerous useful structures have
been identified and insight has been gained into the mechanisms of carbon deposition

from gaseous hydrocarbons.

5.3.1. Deposition in Fluidized Beds from Methane

Some experimental results from systematic studies correlating the properties and
structures of pyrocarbon deposited with the deposition conditions are shown in Figure 5-3
[135][138]. These data are for deposition in a 2.5cm diameter coater with an initial bed

surface area of 400cm’” and a constant total flow rate (contact time from about 0.1 to 0.2
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sec). The deposition could be divided into three regimes in Figure 5-3(a) on the basis of
the microstructure of the pyrocarbon deposited:

(1) A low temperature region where deposits with laminar micro-structures were formed.
(2) An intermediate region where isotropic deposits were formed.

(3) A high-temperature low-methane-concentration region where granular deposits were

formed.
s - :
10 el : E
18 fs ) . : T :
2 . . . 3
IT) B . .,.. - f e . .. ;
20 o -, _
H B {
O . . - .
o Lt e asOTROPIC LT . .
: 2 ST
I ”" . - . e . .
" CamiNaR= . 0 .-t T
30 R
LTy
%'»'l'll'l-'l.‘

40 -
1300 1400 1500 1600 1700 1800 1900 2000
BED TEMPERATURE {*C)

(a)

Rt
~ -

v
g <
= 42 }vl.l ;
NS by -
g Lieg
i
s i
T L]
=} 2 ] Py 2
o
a 2n
“ 3c 7 it
x 94 N N N MYTTeesT—— T L L X
=] I}
o2 e . o
g g o7 y
3 22 s | e
' {
IS !
é RN : ,/33 &
< 1.8 i‘ L] 4 H v‘“
L ¥ e H s AT
1.3 . l &
.
1.4 1.2 4 ! ¥
i
R j s (d)
Lo . 1o M . _'-{o
1300 1300 1700 1900 00 1300 1760 1960
BED TEMPERATURE (*C) BED TEWMFERATUAE (%!

Figure 5-3. Diagrams showing the relationship between the structure of pyrocarbon and
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factor, (d) density (from Bokros [135])
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We should point out that in Figure 5-3(c) the Bacon Anisotropy Factor is not the
same measure as we have used throughout this thesis. We should take the values by
relative magnitude. The data in Figure 5-3(b), (c) and (d) show that
(1) The deposits with laminar microstructure are anisotropic with small crystallite sizes.
(2) The isotropic carbons have low densities, little preferred orientation and intermediate

to small crystallite sizes.

(3) The granular deposits have large crystallite sizes, high densities, and a small amount
of preferred orientation.

Figure 5-3(d) shows that there is a low density trough that extends to low
temperatures at small methane partial pressures, so that at 1350°C carbons with densities
as low as 1.4g/cm’ can be deposited at a methane concentration of about 4%. At the same
temperature, but at still lower methane concentrations, Beatty et al. [139] found that
carbons with higher densities and microstructures with growth features can be deposited.

Figure 5-3(c) shows that BAF decreases rapidly with the increase of temperature.
Above 1550°C, BAF is nearly constant except at high temperature (above 1800°C) with
low methane concentration. Grisdale showed further that at a given methane
concentration in the laminar region, the anisotropy of deposits is maximum at 1025°C.

Now we look at the effect of fluidized bed surface area. Data reported by Bokros
[135] show that an increase in the bed area extends the laminar region to higher
temperatures and, at a given temperature and methane concentration, causes the
anisotropy and density of the deposits to increase, as shown in Figure 5-4. Since the
amount of carbon available for deposition is nearly constant, carbon crystallites deposited
at a slow rate per unit areca when bed is large have adequate time to do thermal motion
and rearrange themselves, therefore the deposits are tend to be denser and more
anisotropic than that when the bed area is small. In the laminar region (Figure 5-3(a)), if
the bed surface area is reduced, the amount of carbon available for deposition per unit
area can be increase to such a high level that polymeric droplets in an advanced state of
pyrolysis nucleate in the gas and incorporate into the deposit. When a large bed area is
used at 1350°C, the anisotropy increases with methane concentration. For small bed
areas, the anisotropy increases, reaches a maximum and then decreases. It has been

suggested that the maximum marks the point of supersaturation, where a “rain” of
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droplets occurs [135]. The formation of granular structures also depends on the bed
surface area. A decrease in bed area expands the granular region shown in Figure 5-3(a)
to higher methane concentration and lower temperature. The formation of granular

carbons is favored by high temperatures, small bed areas and low concentrations of

hydrocarbon.
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Figure 5-4. Bacon anisotropy factor versus deposition temperature for bed areas of 400
and 2000cm?; (a) 40% methane in helium; (b) 11% methane in helium. (from Bokros
[135])

5.3.2. Deposition in Fluidized Beds from Other Hydrocarbons

The structure of carbon deposited should depend on the nature of the parent
hydrocarbons. The statement is given in the sense that all the other deposition conditions
are the same. However, if the concentration of the parent hydrocarbons are adjusted to
provide the same deposition rate, Bard et al. [137] showed with experiments that the
structures of the carbon deposited at a given temperature are nearly identical.

Browning et al. [140] have shown that the variations in the structure of carbons

deposited from acetylene with deposition conditions are very similar to the variations
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observed in carbons deposited from methane. The structure of the carbon deposited under
a specific set of conditions when acetylene is used, however, corresponds to structures
obtained with methane at somewhat higher temperatures.

A thorough investigation of carbons deposited from propane was reported by Beatty
[141]. Comparison of Beatty’s data for propane with those for methane and acetylene
indicates that carbons with similar structures can be deposited from any of these
hydrocarbons but that for a specific set of conditions the depositions have different
structures.

The porous pyrocarbon deposited in fluid beds have gained importance in the
development of nuclear fuel particles. It is isotropic, with small crystallite size, and has
most commonly been deposited from acetylene at temperatures in the range of 900 —

1200°C.

5.4. The Microstructures of Pyrocarbon

The following qualitative description of carbon deposition in fluid bed was generally
accepted. At temperatures below about 1500°C, polymerization reactions produce planar
arrays of carbon atoms in a variety of states of dehydrogenation. As polymerization and
dehydrogenation proceed, the saturation vapor pressure of the planar complexes must
eventually be exceeded. When this happens, the complexes can either condense on
surfaces in the reaction zone or form stable gas-borne nuclei which, if they remain gas-
borne, finally become soot particles. At higher temperatures, only relatively small gas-
phase species are stable. The deposits formed are therefore thought to be built up from
solid carbon particles that form in the gas during preheat and from carbon deposited
directly from relatively small species such as C;H, Cs;H, CsH, etc. [142].

The morphologies of all pyrocarbon deposits are believed to be determined by the
relative importance of deposition by direct condensation of carbon from individual
species with sizes depending on temperature and pressure, and deposition of solid
particles formed in the gas phase. The gradients in composition and temperature at the
surface of a growing deposit strongly influence the formation of distinct growth features

in a deposit.
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5.4.1. Deposition at Low Temperatures (900 - 1400°C)

At very low hydrocarbon concentrations and low temperatures, gas phase
polymerization is restricted and the growth of a deposit must occur by the addition of
small aggregates at a rate low enough to allow the evolution of growth features in fairly
dense deposits [137]. Increasing the hydrocarbon concentration at constant temperature
causes the density of deposits to decrease and the growth features to disappear. At
1400°C and deposition rates near 10um/hour, the density reaches a minimum and the
carbon has a laminar structure. This is the low density trough described before (Figure
5-3(d)). A further increase in hydrocarbon concentration causes the deposition rate,
density, crystallite size and anisotropy to increase.

Such phenomenon might be expected if large planar complexes form in the gas phase
and condense directly on surfaces in the bed. Since large planar complexes are more
likely than smaller ones to align themselves with the deposition surface and with one
another, the anisotropy, density, and crystallite size could be expected to increase with
hydrocarbon concentration at constant temperature. This leads to the suggestion that the
minimum in density as a function of hydrocarbon concentration is a result of the poor
alignment of relatively small planar complexes that condense on the bed surface area at a
rate too high to allow thermally activated rearrangements in the condensed phase.

At a critical level of super-saturation, the preferred orientation of the carbon
deposited reaches a maximum, which marks the degree of super-saturation where stable
gas-borne nuclei can form and grow to form droplets. Results of David et al. [143] have
revealed direct evidence of droplets incorporated into pyrocarbon deposits. The decrease
in anisotropy beyond the maximum is therefore attributed to the incorporation of droplets
into deposits. The exact position of the maximum in anisotropy depends on the
hydrocarbon concentration, the contact time and the bed area. Large surface area is
efficient “collectors” and depresses the degree of saturation of the gas. Increasing the
contact time tends to increase the level of saturation of the gas. Thus, the maximum in
preferred orientation occurs at lower hydrocarbon concentration when small bed area and

long contact time are used. Figure 5-5 summarizes in schematic way the ideas presented
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above regarding the origin of carbons deposited at temperature near 1400°C. The deposits
depicted in Figure 5-5(a) and (b) are true “surface carbons”; however, deposit in Figure
5-5(c) is made up of carbon particles that were nucleated in the gas phase and

subsequently incorporated into the deposit as well as complexes that condensed directly.
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Figure 5-5. Idealized schematic diagram of carbon deposition at 1400°C. (a) low methane
concentration and large bed area; (b) high methane concentration and large bed area; (¢)
high methane concentration and small bed area (from Bokros [135])

5.4.2. Deposition of Isotropic Pyrocarbons at Intermediate Temperatures
(1400 - 1900°C)

It has been reported ([130], [131] and [143]) that, in contrast to the droplets formed in

the gas phase and deposited at about 1300°C, those formed at about 1600°C are in a more
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advanced stage of pyrolysis at the instance they are deposited and consequently resemble
solid soot particles more than semi-fluid droplets. The restriction imposed by this high
viscosity is believed to be the most likely cause of the low density of pyrocarbon
deposited at about 1600°C [135][144]. The increase in the density of deposits formed
above about 1700°C (Figure 5-3(d)) is taken to be a consequence of thermally activated
rearrangement after deposition. Growth features are not visible in microstructures formed

in this region (Figure 5-1(d)).

5.4.3. Deposition of Granular and Columnlar Pyrocarbons

The surface area of particles in a fluid bed can influence the deposition in two
important ways. Firstly, the agitation in the bed causes mixing of the pyrolyzing gas and
prevents pronounced gradients in composition from developing. Secondly, the particles
act as heat transfer media which accept radiant thermal energy from the furnace wall and
transfer it to the gas. Hence when the surface area is large, gradient in temperature
between the particles and the gas is relatively small. In turn, when the bed area is small,
gradients in temperature and composition, which favor orderly growth, are attainable in
fluid bed. Under such conditions, crystallites develop from the surface of the substrate
particles and grow until they are interrupted by the occasional arrival of a solid particle at
the surface of the growing deposit. High temperature and low hydrocarbon concentration
promote orderly growth because only small species are stable at high temperatures and
the rate of gas-borne polymerization decreases with decrease of hydrocarbon
concentration [145].

The best evidence of the influence of the bed surface area on the growth of a carbon
deposit has been provided by the abrupt transitions from granular to isotropic structures
that have been observed in given deposition experiments when the bed area reached a
critical value [135][146]. At a given methane partial pressure, the critical surface area
increased with increasing deposition temperature, and at a given temperature, the critical
area increased with decrease of methane partial pressure. Presumably, at the critical bed
area, the heat transfer to the gas is just sufficient to cause an avalanche of stable carbon

nuclei to form and be incorporated into the growing deposit. Thus, when small bed areas
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are used, orderly growth can occur and deposits with microstructures that contain well-
developed growth features can be achieved. The conditions favoring the deposition of
laminar, granular, and isotropic structures in fluid beds are summarized in Table 5-1.

Table 5-1. Summary of Conditions F avoring Various Structures of Pyrocarbon
Deposition in Fluid Beds

Microstructure Mechanism Favoring Conditions

Low temperature, intermediate
to high hydrocarbon
concentration and large bed
surface area

Planar complexes form in the
Laminar gas and deposit directly on the
particle surfaces

Supersaturation occurs in the Long contact time, small bed
. gas; gas-borne particles form | surface area, high hydrocarbon
Isotropic . . .
and are incorporated into concentration and low to
carbon deposit intermediate temperature
li .
Crystallites grow ‘from High temperature, low
Granular and substrates with little .
. . hydrocarbon concentration,
Columnar Interruption from gas-borne

particles and small bed surface area

3.5. Relation between Pyrocarbon Structure and Properties

Actually in Chapter 2 we already presented the models for pyrocarbon properties with
respect to its structure represented by degree of preferred orientation and density, but the
models are more or less phenomenological. Here we look at some of the pyrocarbon
properties from physics point of view, and bring in some connections with deposition
conditions. Mechanical properties and irradiation induced dimensional changes will be

reviewed next.

5.5.1. Mechanical Properties of Pyrocarbons

The variations in the mechanical properties of carbon deposited in fluid beds provide

a good example of the structure sensitive nature of the properties of pyrolytic carbon. For
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instance, we know the bonding in a graphite crystallite is highly anisotropic. Young’s
modulus for such a crystallite in the direction inclined at angle ¢ to the ¢ direction (Figure
2-17) 1s related to the elastic-compliance constants [147] by

1

@ =S, sin* ¢+ S, cos* o +(2S,, +5,,)cos’ psin® ¢. (5.4)

It can be shown that the E of a graphite crystallite can vary by two orders of
magnitude with direction. It is therefore clear that the properties of an aggregate of
crystallites will be a sensitive function of the preferred orientation of the crystallites. If
the crystallite elastic-compliance constants were known as a function of crystal
perfection, it would be possible to use space-averaging methods, such as those described

by Price [42], to estimate the elastic properties of a polycrystalline body.
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Figure 5-6. Diagrams relating mechanical properties of pyrocarbon to deposition
conditions; deposits were prepared in a 2.5¢cm diameter coater using a 400cm? initial bed
arca (from Bokros and Price [148])
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The variations in mechanical properties with deposition conditions for pyrocarbon
deposited from methane in fluid bed are shown in Figure 5-6. The corresponding
structural data are in Figure 5-3. A striking feature of the data is the high values of the
moduli and strength for pyrocarbons deposited at temperature below about 1500°C.
These results are consistent with the observations of Blocher et al. [149], which show that
the carbon deposited at low temperature are much harder than those deposited at high
temperature. Grisdale [131] and Tesner and Timofeeva [150] have reported that the
hardness of pyrolytic carbon exhibits a maximum in the range of deposition temperature
near 1500°C. The rapid increase in the moduli of all carbons with decreasing deposition
temperature cannot be accounted for by the increase in preferred orientation, but rather
has been attributed to the presence of cross-links between the layer planes in the
deposition at low temperature. Cross links decrease S44, increase moduli and inhibit inter-
laminar fracture. Examination of the fracture path for carbon broken in bending shows
that cross-linking is prevalent in the as-deposited condition, so the fracture does not favor
an interlayer path.

The minimum in strength observed for carbons deposited near 1900°C from low
methane concentration (Figure 5-6(b)) is for the deposits with the largest grains visible in
their microstructures (see Figure 5-3(a)). The explanation is that cracks which form in
grains under stress and ultimately lead to failure are limited by the grain boundaries
[148]. Furthermore, abnormally large growth features may act as stress raisers and cause

failure under low load [151].

5.5.2. Irradiation Induced Dimensional Changes in Pyrocarbons

This section will show the fundamental studies on how the dimensional behavior of
carbon depends on its internal crystalline structure. When carbon is irradiated with fast
neutrons, energetic knock-on carbon atoms are generated by collision of neutrons with
carbon atoms in the lattice [152]. The displaced carbon atoms and the vacancies produced
by the recoiling carbon atoms could recombine, nucleate to form loops, or become

annihilated at structural defects such as crystallite boundaries. The competition of them
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results in structure-sensitive bulk dimensional changes that vary with temperature in a
complex way.

Because the bulk dimensional changes induced by neutron irradiation are a direct
consequence of the dimensional changes induced in the crystallites, we need to refer
again to the crystallite shown schematically in Figure 2-17. During irradiation, such a
crystallite expands in the ¢ direction and contracts in the a direction. If there were no
accommodation between crystallites, the dimension of a polycrstalline aggregate would
change in a neutron flux ¢ at a rate determined by the degree of preferred orientation of
the aggregate as
Ld, _(-R)dX, R, dX,
l, do X, do X, do

C

(5.5)

The quantities (1/X, )dX,/dp) and (1/X,)dX, /dop) are the fractional rate of

crystallite dimensional change in the a and c directions, respectively. The total bulk

change after a fixed neutron exposure can be obtained by integrating eq. (5.5),

1n| 1+ 2% =(1-R)In 14 2% +R,1In 1+ 8% ) (5.6)
l X, X,

Experimental data from Bokros and Price [153] and Bokros et al. [64] show the

dimensional changes agree with the predictions of eq. (5.6), which are plotted in Figure
5-7. From eq. (5.6) we could find that an extrapolation of the data in Figure 5-7 to the
ordinate intercepts at the abscissa values R=0 and 1 yields the crystallite changes

In[l+(AX_/X.)] and In[l+(AX,/X,)], respectively. Eq. (5.6) describes the

dimensional change of aggregates due to the dimensional changes of crystallites and
anisotropy. In fact, when examined with sufficient precision, all dimensional changes
have been found to be accompanied by some change in density. Even though the
anisotropic distortion and the densification are not likely to be independent, it is
convenient to separate them and superimpose the solutions finally.

When a carbon deposit has a substantial density defect, the deposit is densified during
irradiation. For small neutron doses (<3x10*'m/cm?® at ~600°C and <1x10¥n/cm’ at

1200°C), the densification can be described by a simple first-order equation

P=Pu— Py —Po)exp(-=k,0), (5.7
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where py is the original density, py is the density that is approached at large doses, and

K, is the first-order rate constant for the densification.
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Figure 5-7. Plots of dimensional change versus preferred orientation, (a) carbons
irradiated at 510°C to an exposure of 3.8x10%'n/cm?® (E>0.18MeV), (b) carbons irradiated
at 1040°C to an exposure of 2.4x10*'n/cm”® (E>0.18MeV) (from Bokros and Price [153])

At low neutron doses, the fractional rate of dimensional change of an isotropic carbon

deposit is related to the fractional rate of density change by

_3dl, _1dp _ ky(py—Po)exp(k,p) 58

Ldp pdo p,—(p, —Pe)exp(—k,0)

For an anisotropic pyrocarbon deposit, the rates (1/1,)(dl, /dg) for parallel and

perpendicular directions are not equal, and the dimensional changes are expressed by

2d, 1d, _-—kip, ~ Py ) exp(=k, )
l, dp 1 do p,—(p;—pPo)exp(—k,0)

(5.9)

To predict the rate of dimensional change in a carbon deposit with some preferred
orientation, it would be necessary to know the relationship between the anisotropic

distortion and the shrinkage resulting from irradiation. Bokros and Schwartz [154] have
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shown that the dimensional changes induced in oriented carbons with a density defect can
be approximated by superimposing the anisotropic distortion of the crystallites and the

shrinkage resulting from densification as if they were independent. Then

lﬂ — L dXL' (1 _3R,' /2) _l kd (prh _pO)eXp(_kd(p) ,
l;dp X, do 3pw = (Pu —Po)eXp(—k,9)

(5.10)
where the first term represents the distortion rate without densification. Under such
circumstance, the fact is when R = 2/3 (which means carbon is isotropic),
(1/1,)(dl; / dp) =0 . From eq. (5.5) we get

I/ X NdX, /dp)=-2(1/ X )dX, /dp), (5.11)
therefore the first term in eq. (5.10) had such form. The second term is the contribution of
a uniform densification. Integrating eq. (5.10) yields the total dimensional change after a
neutron dose ¢ in the direction of |; to be

Inf 1425 | = 3R, 2y 14 2% | L[ Pu =P mp)expChe) ) g,
/; X 3 Po

?

A comparison between the observed dimensional changes for a series of carbon with
a BAF of less than1.3 and those predicted from eq. (5.12) is shown in Figure 5-8.

Although egs. (5.10) and (5.12) have proved useful in evaluating the operational
behavior of coated particles early in their life, they are not useful for predicting the
dimensional behavior of pyrocarbon coating after high neutron doses. The reason is that
at high neutron exposure and especially at high temperatures, the densification departs
from simple first-order behavior and neutron-induced changes in preferred orientation
become important [64]. Neutron-induced changes in anisotropy were first reported for
carbons irradiated to neutron exposure above 2.6x10*'n/cm? at temperatures higher than
1100°C. When changes in preferred orientation take place, plots of the dimensional
changes versus the original preferred orientation parameter like Figure 5-7 depart from
linearity and take on a sigmoidal shape. Because a large amount of internal energy must
be released as a result of intercrystallite shear when an isotropic body is irradiated, an
increase in the preferred orientation of the crystallite is energetically favored. If a

mechanism is available, such changes are to be expected.
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Figure 5-8. Comparison between experimentally observed length changes and those
calculated from eq. (5.12). Irradiated at 710°C to 2.2x10*'n/cm? (E>0.18MeV) (from
Castle Jr. [155])

5.6. Recommended Material Properties and Coating
Conditions

Although in this work we are not ready to give detailed quantitative recommendations
to the manufacturing of the dense pyrocarbon layers and the SiC layer, we can
qualititatively discuss what kind of fuel particle coating layers are favorable.

Firstly, we discuss the pyrocarbon layers. From the mechanical behavior point of

view, we want the density of pyrocarbon to be high and the BAF, of pyrocarbon to be
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low. Pyrocarbon layers with higher density are stronger and more resistant to fission
product migration, and itrradiation induced densification discussed in Section 2.4.3, which
induces stresses, will be less. Pyrocarbon layers with lower BAF, tend to have lower
stresses 1n the structural layers, as discussed in Section 4.1.1.5. From material strength
point of view, higher pyrocarbon density is better, but higher pyrocarbon BAF, benefits
the pyrocarbon strength, as shown in Section 2.5.1.1 and demonstrated in the fuel
optimization exercise in Section 4.3.2. As we said before, the dependence of the
pyrocarbon strength on its BAF; may indeed to true, but this needs to be verified and
discussed further. Right now we assume that nearly isotropic pyrocarbon (BAF; = 1)
performs better, which is the common view of the HTGR community. From pyrocarbon
microstructure point of view, we want small graphite crysallites and grains, because the
strengths of brittle materials increase with decreasing grain size, as mentioned at the
bottom of Page 98. In addition, it is harder for fission products to transport through
pyrocarbons with smaller grains. We also do not want to see orderly growth features in
pyrocarbons, which increase the anisotropy. With these discussons above, we conclude
that isotropic pyrocarbons with high density and small grains should be manufactured for
the IPyC and OPyC layers. As Figure 5-1 shows, granular and columnar pyrocarbons
have larger grains and high anisotropy, and laminar pyrocarbons have small grains but
high anisotropy, so they are not of the type that we want. Based on the discussions in this
chapter, especially the summary in Table 5-1, the favoring coating conditions for the
IPyC and OPyC layers are intermediate coating temperature, low to intermediate
hydrocarbon concentration, and small fluidized bed surface area. In Figure 5-3, we see
that the coating temperature should be about 1700°C, and the hydrocarbon concentration
should be relatively low but not too low to enter the granular pyrocarbon region. The
hydrocarbon concentration should not be too high either, otherwise the coating rate is too
high and gas-borne droplets will integrate into the deposit, which results in low density of
the deposit.

Secondly, we look at the SiC layer. Based on the discussion on the difference of the
U.S. and German made SiC layers, as shown in Figure 3-24, we recommend SiC layers
with small grains, which are formed in low deposition temperatures. From our discussion

on the crack induced fuel failure model in Section 2.5.2.2, small SiC grains provide lower
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local stress concentration in the SiC layer and, hence, it is harder for an IPyC or OPyC
crack to propagate into the SiC layer. In addition, the SiC layer with smaller grains has
higher strength, and the reason is the same as for the PyC layers.

Finally, we discuss the interfaces between the pyrocarbon layers and the SiC layer.
Discussions on NPR irradiation results in Section 3.2.4 revealed the difference of
PyC/SiC interfaces in the U.S. and German particles. A continuous coating process like
the German’s is recommended. By doing so, the coating layer interfaces are strong and

the debonding problem is minimized.
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Chapter 6.
Discussions and Future Work

6.1. Discussions and Recommendations

We have discussed the development of a fuel performance model for HTGR coated
particle fuel, the benchmarking and exercise on the model, and the application of it in
fuel particle optimization or design. The major task which is accomplished is the
establishment of a fuel performance modeling platform on which further improvements
and developments could be built. As what was stated at the end of Chapter 1, we have
been trying to put an emphasis on the physics of fuel performance, by formulating a
mechanical analysis based on continuum mechanics, modeling fuel failure processes with
linear elastic fracture mechanics, and simulating irradiation environments according to
thermal dynamics and reactor physics. Meanwhile, with practical considerations we use
Monte Carlo technique and statistics to account for the variations in particle properties
and irradiation paths and incorporate material models with engineering approach (such as
interpolation and fitting). This model provides a good representation of the mechanical
aspect of every phase of coated fuel particles, from manufacturing, performance, test, to
design. With the abovementioned generic considerations and careful structuring of the
corresponding computer code, new features and refinements to the model can be
integrated with little effort. Now we discuss some directions in which the developed

model can be extended.

6.1.1. Chemical Models

The immediate follow-up of this fuel performance model will be the development of
chemical models for coated fuel particles. One of the three concentrations is the better
calculation of fission product release from various types of fuel kernels, including (Pu,

U)O; fuel, given arbitrary irradiation temperature, fast neutron fluence level, and burnup.
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This will update the internal pressure which is fed in the mechanical analysis. The second
is the diffusion and vapor transport of fission products through intact structural layers,
which is independent from the mechanical model. The third is the interaction of fission
products with structural layers. Some chemical models exist in the literature, for example,
the strength loss of the SiC layer due to grain boundary corrosion. In the model by
Gontard and Nabielek [25], the corrosion of SiC grain boundaries by fission products is
considered by modifying the Weibull modulus. The effect as a function of the time t (s)

and temperature T (°K) is given by

B=p,(0.44+0.56e), (6.1)
with the grain boundary corrosion rate

1;] = 0.5656—187400/(RT) (S-l) , (62)
where

B is the initial Weibull modulus, and

R is the ideal gas constant (8.31J/mol.K).

Elevated temperature will accelerate corrosion rate and decrease Weibull modulus, hence
widen Weibull distribution and produce more particles with weak SiC layers. Such
phenomenon obviously influences the prediction of mechanical fuel failures, but in this
case the only modification we need to make to the mechanical model is updating Weibull
modulus.

Chemical attack also causes local defected region in structural layers, especially the
most important SiC layer, as shown in Figure 1-6. Pyrolytic Beta-SiC exposed to cesium
vapor (pressure of 2.6KPa) at 1500°C for 8 hours showed cesium penetration of 3.5 to
5um, with the penetration concentrated along laminations in the microstructure [156].
Pyrolytic SiC exposed to either cesium vapor (pressure of 13KPa) or strontium vapor
(pressure of 0.7KPa) at 1700°C underwent a pitting type of attack to a depth of about
20pum in 700ks [157]. Pyrolytic SiC is reduced to a carbon skeleton by molten silver

containing oxygen at 1250°C, which is believed to be induced by the corrosive effects of
AgO [158].
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6.1.2. Extensions to Mechanical Models
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Figure 6-1. Irradiation induced expansion of SiC as a function of irradiation temperature
(fluences between 0.3x10*'n/em? and 5x10'n/em?) (from Price (7D

We have treated the SiC layer as an elastic medium with no irradiation effect. In fact,
there are also irradiation induced dimensional changes and creep. Price [7] discussed that
at irradiation temperatures below 1000°C, and fluences below about 5x1021n/cm2, SiC
undergoes an isotropic expansion. As the neutron fluence increases, the expansion rapidly
saturates at a level that decreases with increasing temperature. The changes in lattice
parameters are similar to the changes in overall dimensions. Figure 6-1 assembles data
tfrom various sources [159]-[165], and remarkably these data fall into the same band.
From the figure we see the irradiation induced dimensional changes in SiC at high
temperature is much lower than in pyrocarbons, hence this is the secondary effect in the
mechanical behavior of coated particles. Similarly, the irradiation induced creep rates for

SiC are several orders of magnitude lower than for pyrocarbons, so in practice, creep in
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SiC below ~1100°C can be neglected [7]. Nevertheless, the irradiation induced
deformation in the SiC layer can be taken into account with ease such like in the
pyrocarbon layers, and only minor changes are needed in the formulation of mechanical

analysis in Appendix A.

100x BRIGHT FIELD

Figure 6-2. Irradiation HRB-21 fuel particle with catastrophically failed OPyC and PPyC
(from Leikind et al. [166])

Another important field which needs improvements is the effect of irradiation on the
strength and toughness of SiC. There are some publications on SiC strength reduction due
to irradiation [116][164], but discrepancy exists in data at various temperatures and
irradiation conditions. Little data were reported with regard to the irradiation effect on the

fracture toughness of SiC and pyrocarbon. We also discussed briefly in Section 3.2.3 that
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fatigue loading could contribute to the crack growth in particles, which needs to be
studies further.

In Section 1.3, we also discussed other mechanical fuel failure mechanisms. One is
the peel-off and damage of the OPyC layer. We know that the OPyC layer is in direct
contact with graphite matrix material or other low density PyC layer (like PPyC layer in
NPR fuel mentioned in Section 3.2), which could introduce cracks in OPyC by their own
damages. Figure 6-2 shows such an example. We have seen in the simulations of NPR
compacts in Section 3.2 that stresses in OPyC are generally lower than in IPyC, but PIE
results revealed higher failure probability of the OPyC layers [88]. The reason may lie in
the failures of OPyC induced by PPyC and graphite matrix.

One more issue is the role of asphericity of coated fuel particles in fuel performance.
Miller and Wadsworth [167] studied two representatives of aspherical particles - faceted
particle and ellipsoidal particle by finite element method and concluded that fuel failure
probabilities could be increased by a factor of 100 for faceted particles versus spherical
particles under typical conditions. They also showed faceted particles are much more
prone to failures than elliptical particles. I think the difference lies in the fact that in
faceted particles the layer curvature at the connection between spherical part and the facet
is much higher than anywhere in ellipsoidal particles with equivalent deviation from
spherical geometry’. That is to say, the high curvature spots are like shape corners which
raise local stresses. In our parametric study in Section 4.1, we have shown the increase in
layer radius effectively decreases the layer curvature, and thus acts as a stress releaser.

That observation is consistent with the arguments here.

6.1.3. Transient and Accident Conditions

Generally accident means severe temperature rise in a short period of time. When this
happens, the intemal pressure increases, diffusion and corrosion rates of fission products
shoot up, and new problems come into the picture, such as thermal decomposition of the
SiC layer. In a neutral or reducing atmosphere, the SiC layer can degrade through the

evaporation of silicon to a porous carbon layer. The decomposition becomes important at

* Measure of the deviations from a spherical geometry was defined in [ 167].
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temperatures greater than 1600°C and severe in a few hours at 2000°C. Measurements of
the sublimation of SiC under equilibrium conditions have shown that the most important
gaseous species is silicon [168][169]. The decomposition vapor pressure of beta-SiC is
[169]

p=7.59x10" exp(- 60926 /T), (6.3)
where p is the decomposition pressure in Pa and T is the temperature in K. The
decomposition rate of beta-SiC crystals in a static argon atmosphere was measured by

Ghoshtagore at 1900 to 2100°C [170], and fitted by the equation
k =2.95x10" exp(- 56252/T), (6.4)

where k is the decomposition rate in He/m?.s.

Goodin and Nabielek [171] expressed thermal decomposition of the SiC layer by the
thinning rate relative to the thickness of the SiC layer as

k =k,e 2*D and (6.5)
logk, =—1.58+2.67logT +0.61log¢, (6.6)
where

ko is the fractional SiC thermal decomposition rate (s™),

Q is the experimental activation energy for SiC decomposition (kJ/mole),

T is irradiation temperature (K),

¢ is fast neutron fluence (1021n/cm2, E>0.1 MeV), and

R is the ideal gas constant (8.31J/mol.K).

The activation energy from Gontard and Nabielek [25] 15

Q =556k mole . (6.7)
Some other problems during accidents involve oxidation and other chemical reactions

of the particles.

6.1.4. Other Considerations

We have said in Section 2.2 that the current diffusion model for fission gas release
assumes constant irradiation temperature, but in many cases the particles experience non-

isothermal irradiation histories, so improvements need to be made with this respect. One
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possibility is to divide an entire irradiation history into small segments in each of which
the irradiation temperature can be regarded as a constant.

In Section 3.2.4 we mentioned various scenarios of cracking in layered materials such
as the coatings of fuel particles. Although it seems that PyC/SiC interface debonding is
an important phenomenon to be modeled, there are two challenges on the way. One is
that there is no data on the strength of PyC/SiC interface, and it is very hard to measure it.
Another is that debonding breaks the symmetry in stress analysis and only finite element
method seems to be the right choice for such stress calculation, as was used by INEEL
[172], but it is time consuming and incompatible with Monte Carlo sampling of millions

of particles.

6.2. Conclusions and Future Work

An integrated fuel performance model for the coated fuel particles in High
Temperature Gas Cooled Reactors (HTGRs) has been developed to mainly predict the
mechanical particle behavior in pebble bed core and prismatic core environments and in
arbitrary irradiation test conditions and idealized conditions. The highlights of the
contributions of this thesis are as follows.

(1) Linear elastic fracture mechanics is applied for the first time to model the pyrocarbon
crack induced particle failure, and exercises have shown encouraging results, which
promotes further development efforts in this direction. Meanwhile, mechanisms like
creep crack growth and fatigue crack growth (Section 3.2.3) were proposed to be
investigated to add refinement to the current fuel failure models.

(2) The mechanical formulation of the structural layers of particles was derived to
include varying Poisson’s ratio in irradiation creep, which has strong effect on the
stresses in layers. The formulation is analytical and couples well with Monte Carlo
sampling process. It was verified to be correct in Section 3.1.1. Thermal siress
analysis was presented as a stand-alone solution so that it can be applied directly later
in accident analysis.

(3) Unlike many fuel performance models which assume certain constant or cyclic

irradiation histories for fuel particles, this model can take arbitrary irradiation history
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based on experimental measurements, furthermore, in the case of pebble bed reactor it
can generate irradiation history associated with every simulated particle based on the
reactor core environment and the flow path of the particle. The thermal calculation is
formed in such a way that the irradiation temperature of a particle can be calculated
generically on the spot. This flexibility was not seen in previous fuel performance
models.

(4) Parametric studies were conducted to bring insights into the mechanical behavior of
fuel particles and how fuel performance varies with parameters. Correlations between
parameters were also thoroughly probed to provide useful information for fuel design.
Fuel optimization procedure is proposed and optimization fuel configuration is to be
compared with other model predictions and tested by experiments.

(5) Monte Carlo sampling technique is adopted to account for the statistical nature of
particle dimensions and properties and pebble cycling in pebble bed reactor core. A
package of statistics, including mean and uncertainty of fuel failures, maximum and
minimum stresses in layers, failure histograms, and the failure paths (refer to Section
2.5.3) of all failed particles, is provided by the corresponding computer code.

(6) Manufacturing and material properties of coated fuel particles, fuel performance, and
fuel design is tried to be threaded together organically in this thesis, which serves as a

collection of information for future development.

Much more work is needed to fully validate this fuel performance model and expand
coverage to the modeling of important fuel particle issues. These two tracks draw out the
picture of future work. On one hand, many extensions as described in Section 6.1 should
be made to construct a comprehensive fuel performance model to address both
mechanical and chemical behavior of fuel particles and the interaction in between. On the
other hand, the current model requires constant benchmarking and comparison upon
arrival of new models and results. Collaborative efforts are on the way to validate
existing models and advance the understanding of coated particle fuel performance in

High Temperature Gas Cooled Reactor community.
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Appendix A,

Stress Analysis on the TRISO Fuel Particle

Figure A-1. Sketch of an intact TRISO tuel particle
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A.l. The Analytical Solution of Mechanical Stresses, Strains,
and Displacements jn the TRISO Fuel Particle

3P 0 and (A1)
] ’an
i=] axi
. Ou,
E, 1 gli_,__uf_ ) (A.2)
2{ox, o,

respectively, where i and J denote any of the three directions of an orthogonal coordinate
System, x, is the i-direction, and Cys €y, and u, are the stress, strain and displacement

components, respectively [111],

In spherical coordinate system defined by (r, 0, ¢), with r and @ directions indicated in

Figure A-1 and ¢ direction being perpendicular to the -0 plane, the general equations of

equilibrium when no body force is present are

g, 1dc, 1 do,
=, —t—-20_ -0, -5 =0, A3
O r o8 rsing o r( » =% ~0y,) (4-3)

aore+_l_acee+ I 0oq 3

— 4y _—_O, A4
O r 8 rsing ap O A4
06, 10dc 1 do, 3
r 0¢ )
Tt — W T =0, A5
o oo ¥sin® o9 (A.3)
and the strain-displacement relations are
Ou
€, =—ZL A6
rr a”' ( )
1 ou, u
=___~_+_r’ A7
66 r ae r ( )
ou
£,y = —1 el (A.8)
rsin® gp

231



1{10u, Ou, u,
€p=—| ———+—2——21|, A9
? o 2lroe or r] (8.9)
ou, u
sm:l I ou o M| (A.10)
2 rsin® 66 or r
o 1 Ou
s%:l I Guy T ) (A.11)
2\ rsin@ 66 r 0O

In our case, we can assume the particle holds its spherical geometry and directions 6

and ¢ are equivalent, therefore u, and u, are zero and from egs. (A.6) through (A.11), it

can be shown that

_6u

r

Srr ?, €49 =89¢ =0. (A12)

ur
=g, =—,and €4 =€,

r
Since the shear strains are zero, the shear stresses are zero as well, then from egs.

(A.3) through (A.5), one gets

oo 2 oG
T+ 2(5,, — 6 )=0, —2 =0, an
a’_ r( rr 60) ae

5
Pw _g (A.13)

We see that from this point forward we only need to worry about r and 0, which are
radial and tangential directions of spherical coordinate system. For convenience, we
denote

U=U,,OG,=C

,»G,=0C,,0,=0Cy, &, =¢,,and g, =€, from now on. (A.14)

The stress-strain relations have different forms in pyrolytic carbon and silicon

carbide, which will be discussed below.

A.1.1.Dense Pyrolytic Carbon Layers (IPyC and OPyC)

During irradiation, pyrolytic carbon or pyrocarbon experiences irradiation induced
dimensional changes and irradiation induced creep besides elastic response to loadings,
and we can apply a visco-clastic model for pyrocarbon to represent its time-dependent

behavior, which is written as

@=la—°+cc+s, (A.15)
a E o
where
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E is the Young’s Modulus (MPa),

t represents time, in our case, fast neutron fluence (1 0%!/em?),

¢ is the irradiation induced creep coefficient (10*'cm*/MPa),

S is the irradiation induced dimensional change rate (1 02em?).

Express eq. (A.15) in the radial and tangential directions using spherical coordinates, then

15:5 1(0dc 0 .

=, 7( % v ;9)+c(c$,—2vcce)+8,, (A16)
0e 1 0 5, :

Ff-:i[(l—v)%e——v ;r]‘FC[(l—VC)Ge—VCGr]-FSe, (A17)

where v is the Poisson’s ratio, and v, is the Poisson’s ratio in irradiation creep.

With egs. (A.12), (A.13), (A.16) and (A.17) we can derive solutions for stresses,
strains and the radial displacement. Notice from these equations that 6 does not appear,
which means u, o,, 6,, &,,and g, are independent of 0.

To solve these equations, the following general series solutions are assumed, as

proposed by G. Miller, et. al [112],

ulr,r)= Z:,u.»(r)t’ , (A.18)
o,(r.1)= chﬂ ry', (A.19)
celr,r)= 2% ry', (A.20)
e, (r,1)= f{;s ry'. (A21)
go(r.1)= gsa,- ry', (A.22)
S = is’,,ﬂ ,and (A.23)
Sy = g;s'e,.z" . (A.24)

Then we have
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=S &y (A.25)

08y _ i(ﬂ) -3 U () m (A.26)

at ot\ r i=] r
o5, & |
2t =36, , and (A27)
or o
ds, & ,
gt" =Y o, (it . (A.28)
i=]

S =i%cnt"‘ Y +ch t —Z2W Gul’ + 35, (A.29)

I=1 dr i=1 =1 E i=0

U (r). = (1 — V)i . = vi - i . I
z A )zt ' =Z( ) gyt —Z—c,,.t’ ] +Zc(l—vc)cre,t —chccﬂt +ZSe,t .
=1 i=1 E o E i=0 i=0 =0

(A.30)
Equate quantities on the two sides of the eqs. (A.29) and (A.30) having like powers of t,
for the t° term, we obtain

du, o, 2v

~ él 3 =04 + 0,y —2cV, Gy +S,,, and (A.31)
u, l-v \
fud R — %0~ 7O +c(1-v,)04 —cv,5,4 + Sy (A.32)

Similarly for the t' term, we have

d ) » -
(P D, 0D e, —2ev.0y 45, and (A33)
dr E E

vi+D) | (-v)i+D)

ri+l 8i+1
E

G+ D)2 = —ev,o, +e(1-v,)o,, +S, . (A34)
¥

Firstly we solve the zeroth order equations. (A.31) x (1-v) + (A.32) x 2v gives

(1- v)ﬂu
¥

e . (A35)
_—V_—"c,l +e-v)=2evv_Jo,0 +2c(v=v, )04 + (1= V)S,, +2VS,,

Differentiate eq. (A.35) with respect to “t”
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du du
I- Loy B
(=v) dr? " vdr(r]
(1+v)g—2v) dz’:‘+[(1 v) - 2cvv]

Applying eq. (A.13) to eq. (A.36), we get
2
(1- )d Y orov i["‘]:

_E (1+v)(1-2v) (0
r E

On the other hand, (A.31) - (A.32) gives

do
L 4 2¢(v—v 60
( ) dr

,l—cel) [c(l—v) 2cvv] +20(v v) d
»

dar I3

diy ¥V (5 ) e+ v, )G — Oeo )+ S0 = S

Substituting (o, — G, ) in eq. (A.38) into eq. (A.37), we get

d*u, 2du 2 2(v—v ) {1 do do 2(1-2v) . .
21 __1__2_ 1= ( 0) s r0+ 90j+ ( )(S,.U_Seg)-
dr rdr r 1-v 2 dr dr (=v)r
Let
l=l’ h=2_v’ m,—_i’ k::l__V,
E E E E
then

a rdr 2T kKo+l) \2 d  dr ) kQ+Dr
1dc,0+d060

It can be proved that | — =0. Define
2 dr dr

R NP S
/’1~k(0+1)(5,o Se0) >

then we get

d’u du
2 1 1
—+2r—=-2u, =2(k-m)f,r,
dr’ g =2t
which is a Euler’s equation. Its standard solution is

2(k m)

w(r)y=Ar+Br> + firinr,

where A| and B, are constants to be determined by boundary conditions.
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du, 2du, 2 2m lvc)c(ldcrudceo)ﬁ(k ™) (S, Soo )-

(A.36)

(A.37)

(A.38)

(A.39)

(A.40)

(A.41)

(A.42)

(A.43)

(A.44)



Substituting eq. (A.44) into egs. (A.35) and (A.38), we can obtain

2B, [(1 +m)Inr + k|
=—1——Lr7 42
o T T e m)
: . ,and (A.45)
c m(l1-2v,) 1-2v, kS,, +hS,,
- 1+ —lo,, + =104 r—
l+m k—m 1-2v (0 + DY(Kl = hm)
Gy — G, = 3B, r_3_2f1(k—m)+ 3¢ 2(1+vc)( o)l S0 =S |
I+m 3(+m)  2(+m) 3 O+ +m)
(A.46)

Following the same procedure, we can work on egs. (A.33) and (A.34) and get

u, . -y . do,
d u;l +gdu:+l —%u,q_] — 2(m ' VC)C ldorr + GOI + 2(k m) (S Se,) (A47)

dr rodr r k(i+1) \2 dar ar kr(i +
When 1= 1, based on egs. (A.45) and (A.46), it can be shown that
1do, N doc _h_«d-2v)(1do, N dc,, . (A.48)
2 dr dr r (k—m) \2 dr dr

1 do do c(1-2v )

Let g, =—— "2+ -0, g =f-—"-—""9 and

N T BT T T ®

, E_L2UV ~m) f Sy _ ¢ 2v.—m) g, + Sn ~ S , then from eq.

2k k-m 1+1 k(l+1) 2k k-m 141 k(1+1)
(A.47) we can obtain
2
24 0P oy —ok-myfr (A.49)
dr- dr
Comparing eq. (A.49) with eq. (A.43), we are able to follow the derivation with i = 0 and
obtain
u, ()= Ar+ Byr 2 4 2= m)ﬁ Inr, (A.50)
4, 2B, [ + m)nr + k]
= —=r7 42
o TTem” T Sem)

, and (A.51)

¢ {{ nKl—ZVC)} {1—2vu } } kS, +hS,,
- 1+ S,t+|——-1|og 1—

I+ m k—m 1-2v 1+ 1)(ki — hm)
2ka—nn+ 3¢ [2a+vg(
30+m) 20 +m) 3 o

Uez() r2(r)_l+m r

“ﬂ Sa=Su

A+D(I +m)
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(A.52)

If we proceed by increasing i, and define

1-2
gin —=‘in+|_(0( Ve)

¢ o (iz0),and g, =0, and A.53
i+1Xk—m)gl (l ) g(] ( )

iz(lvc —m) gi + Sri _Sef

f"*'E_zk k-m i+l k(+1)’

(i>0), (A.54)

we will find the recursive relation

ldo,, + doy,, _ fin ed-2v,) (1do, + do, )’ and (A.55)
2 dr dr ro ([+1Kk—-m)\2 dr  dr
2
24 “;' vy B _ 2u,,, =2k—m)f,,r. (A.56)
dr dr

From the Euler’s equation (A.56), u,,,(r) can be solved, and we plug it into egs.
(A.33) and (A.34), then o,.,(r) and o,,_,(r) can be solved. ¢, (r) and &,,,(r) are
given by eq. (A.12).

In sum, for any (i = 0), we have

U (r)=A4,.r+ er-z t Mﬂ+|rlnr ) (A.57)
4, 2B,

Gri+l(r) = al —4'—“;‘_3 +2f;+l [(l +m)1nr+k]
k-m l+m 3(/ +m)

. (A.58)

¢ 1 {[ m(l— 2vc)] [1(1 ~2v,) } } kS, + hS,,
- 1+ c,+| —=-1|o, 1——
l+m(@(i+1) k—m k—m (i+ D) (kl — hm)

GGH] _Gn+l =

3By 5 2fatk-m) 3 1 [2(1+vc)(0 _ )} S. =S, - (A5
ri Bi

+
I+m 3(1 + m) 20+m) (i+1) 3 G+ DI +m)
€in(M) =4 — 2Bi+lr_3 + Mfm (lnr +1)s and (A.60)
Soia (1) = Ay + Byr ™ +ﬁ;—m)f,—+1 Inr, (A.61)

where 4,, and B,,, are unknowns to be determined by boundary conditions, and f;,, is

given by the recursive relation in eq. (A.54).
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Note that u,(r), o,,(r), 04(r), €,,(r), and €,,(r) are not given by the above

solutions. In fact, they represent initial mechanical conditions or residual deformations in
particle layers that are introduced by thermal expansion and loading during fuel handling

process.

A.1.2.Isotropic Silicon Carbide Layer (SiC)

The silicon carbide layer is generally treated as an elastic medium without irradiation
mnduced dimensional changes and creep. SiC is much more resistant to irradiation damage

than PyC, hence such as assumption is reasonable. The constitutive laws in SiC are

o, 1[5, _5,8%) 14 (A.62)
o E\ o ot

%o _11_y)%e_, 90, | (A.63)
o FE ot ot

Compared with eqs. (A.16) and (A.17), egs. (A.62) and (A.63) don’t have irradiation
related terms, therefore we can easily get the solutions in SiC by dropping out irradiation

related terms in egs. (A.57) through (A.61), and they are

U, (ry=4,,r+ Bi+lr_2 s (A.64)
A 2B.. _

Cpu(r) === r ™, (A.65)

Ggist = Oy = —?f"‘l r, (A.66)

£,,(r)=A4_ —2B. r and (A.67)
ri+] i+1 i+l

€o (P)=A  +B_r". (A.68)
0i+1 i+1 i+l

A.1.3.Closed Form Solution at v, of 0.5

When the Poisson’s ratio in creep v, equals to 0.5, the solution in egs. (A.57), (A.58),
and (A.59) reduces to the solution presented by Miller, et al. [112]. In that case, if we set

the radial stress components in eq. (A.58) to p; and q; at the radii r, and r;, respectively,

238



for the IPyC layer, then starting with i=0 term and progressing to higher order terms we

can get an expression for By, as

Bi+1 ={pl+l 4~ %[ (p ql)+f ln_il—_f;HI :l (l+m)

+m)i+1) 2r7 -1
(A.69)
Then plugging it into egs. (A.58), and (A.59) we can get Ajy; as
k —-m -3 -3 2 -3 -3 Sr,i + 2Sl,i
A, :W{pﬁﬁ LY m(rz Inr, —r, lnrz) +T+1). (A.70)

Substituting eqs. (A.69) and (A.70) back into eqs. (A.58), and (A.59) with v, of 0.5, we

get
3 3 _r2-3 ) rz-s —y P33
ry=-=-—"_ —_—q,, +— Inr, +————Inr, +Inr|f , and
rl+]( ) 3 -3 r-3 pH-l 7‘373 _r2_3 q,+1 3 7‘3_3 _r2_3 3 r3ﬁ3 _r2_3 2 f;+l
(A.71)
*+2r,° ~ o+ 2r7
01i+1 (7‘) - -3 _ _3 +1 2 -3 i+l
2r C2r
( s = ) ( 5) (A7)
r 27 P 2r 1
T Soinn - —_5—lnr2 +—Inr+— f,.+l
3(ry -r") 3y -y ) 3
Since
Yo, (r}Y =0,0,0, Yo, lrY =0,0r.0, (A.73)
Y.t ==P(t), Y qt' =05, for IPyC, and (A.74)
D fit" =F (1) for IPyC, (A.75)

are all closed form functions, the following closed form solutions for radial and tangential
stresses in [PyC layer can be obtained.

-3 -3 -3 -3 -3 -3 -3 -3
S ro—r 2\ —r Foo-r
— 3 2 2 3
o, (n)="5—s -P)+——20, +§[—r_ —~Inr +——2Inr, +]nri|F,

3 —h r3 — 3 _rz r3 _rz
(A.76)
-3 -3 -3 -3
r o+ 2r ro+2r
U,(l",t) = 2(’_‘3—_"3_3)(_ PI)— 2(r-3 —rZ_S)Gr] +
3 2 3 2 , (A.77)
r o 2r? “ 42’ 1
———=2_Inr, - _-»lnr2+—lnr+— F,
37 -1 3(ry° 1) 3
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where oy is the radial stress at IPyC/SiC interface, and its closed form solution is given in
reference [112]. Py is the internal gas pressure acting on the inner surface of IPyC layer.
The reason of the minus sign in front of Py in egs. (A.76) and (A.77) is that the radial
stress there equals to negative P

In the same way, for OPyC we get

-3 3 -3 -3 -3 -3 -3 -3
r,o—r F =7 20 F. " —F ro—r
4 5 5 4
o (r=— R ) 550, +—[~—~s'“’4 o, “‘“‘} 0
- ¥

Fy, 7 4 5 e s o 775
(A.78)
ro o 2r” R
0',(",5):__3—4_3—(_ 0)_ 33 5—3 Gt
2r; - 20r;" —r)
, (A.79)
r+2n7 P a2r”? 2 1
S on -——— -l +—Inr+-|F,
3 - 1) 3(ry? =77) 33

where o0 is the radial stress at SiC/OPyC interface, and its closed form solution is given
in reference [112].

For SiC, F is zero due to no irradiation effect, then we have

=3 -3 -3 =3

v, roo—r
4 3
o, (rf)=—F——=06,+—5—506,, (A.80)
iR =h h —n
- - - -3
4 2r r+2r

o,(rt)=

(A.81)

g, — [ P
) 3 / 3 3,90
2r,;" =157) ’ 2ry" 1)

A.2. The Analytical Solution for Thermal Stresses, Strains,
and Displacements in the TRISO Fuel Particle

The reason we separate the formulation of thermal stresses calculation is that we are
able to obtain analytical solutions for anisotropic pyrocarbon, which is not true in the
general mechanical analysis presented above because recursive relations shown in egs.
(A.53) to (A.56) were not obtained. Moreover, in reactor accident analysis, thermal
stresses due to accidental temperature rise need to be calculated, so we present a stand
alone thermal stress analysis which can be easily adopted there. The solution of thermal
stresses, strains, and displacements can be superimposed on the general mechanical

solutions because of the linear behavior of pyrocarbon and silicon carbide. In the case of
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pyrocarbon, since creep is time dependent, that superposition needs to be performed at

every time step progressively.

A.2.1.Dense Anisotropic Pyrolytic Carbon Layers (IPyC and OPyC)

We can write down the following equations for anisotropic pyrocarbon layers in the
spherical coordinate system (independent of ¢ due to symmetry),

1 2v,,

£, =—0G,— G, + 0o, AT, (A.82)
E, E,
1-v Y

£y = Teee"ce —E—’fﬁr +(19AT, (A83)

and equations of equilibrium and strain-displacement relations in eqgs. (A.12), (A.13),
where o, and ag (or o) are the thermal expansion coefficients in the radial and tangential
directions of spherical system like the coated fuel particle, and AT is a temperature
change.

By solving the above equations and use v 4E, = v, E,, we obtain

or=r>*

2 — — — —
rz d l;r +2r dur _2Ver(l Vr‘B)ur — 2 1 Vee _VB’ ar ————Ver(l 2V’9)0L9 ATr 1y
dr dr Vre(l_vee) l_vee Vre(l_vee)

(A.84)

which is a standard Euler’s equation. Let z =Inr, eq. (A.84) turns into

dzur dur _2V9r(1_vrﬁ) _ 2{[1_\,96 _Ver Ja _ Ver(1_2vre)

+ = o, |AT -e”, (A.85
dz*  dz v,ﬂ(l—vee)ur Vall—ve) 9} (A5

which has the following solution,

{-HMJ z[—l—M]
u, =Le’ +Ce + De ,(A#1),0r (A.86)
[—1+\/1—+'ﬁ] [—I—MJ
u, =Lr+Cr +Drs P (A.87)
where
Ver(l_vre)
A=—"1—"T (Azl), (A.88)
V;ﬁ(l‘vee)
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I = Vre(l “ Voo _Ver)o‘r _Ver(l _2Vr0)a9 AT . and
Vre(l"vee)_ver(l_vre) ’

C and D are constants determined by boundary conditions. Substituting eq. (A.87) back

into eqgs. (A.12), (A.13), (A.82) and (A.83) we get

(A.89)

~1+ 41+ 8%
(-ve) N v, m
s, =H+ 2 ECr
I=vg =2vy Vv, ’ (A.90)
(=v ) V8 o am
+ 2 EDr :

1=ve =2vg v

(1=v,, )18 *’2”31 -2

ar 73+m
cre2H+1+\/1+87\. Ecr 2
4 l—Vee —2\'9er , (A.91)
—1-+1+8A
(1—vg)———— " 1 2v,, 3T
N 1-+1+8A 2 E,Dr72
4 1=vgy —2vy, v
31480 ~3-/1+8%
) :L+—l+—__ "21"'8)‘(}[ 2 ] +"1_— “21+S}‘Dr( 2 ]’ and (A.92)
[—h«/ﬁ] [—3—@]
g, =L+Cr +Drv P, (A.93)
where
E
H= Yo (o, — oy )AT. (A.94)

V,e(l_"'ee)_"er(l_"re)

A.2.2 . Isotropic Silicon Carbide Layer (SiC)

For isotropic SiC layer, because

E =E,, v, =v,,=vy,and o, =a,,. (A.95)
eq. (A.84) becomes
d’ d
r’ —uz’ +or e 2u_ =0, and then we have (A.96)
dr dr
u, =Cr+Dr7, (A.97)
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G, = E (C—aAT)——z—E—Dr**, (A.98)
1-2v 1+v
E E _ .
C, = C—-oAT)+ Dr™, A.99
0 1—2v( ) 1+v ( )
g, =C-2Dr7, (A.100)
g =C+Dr, (A.101)

A.3. Applying Boundary Conditions to Various Scenarios

A.3.1.Intact Fuel Particle

The fission gases generated from the fuel kernel exerts an internal pressure P, on the

inner surface of IPyC layer, and the graphite matrix in a pebble applies an external

pressure P, on the outer surface of OPyC layer. Also, the radial stress o, and

displacement u are continuous across interfaces. Based on these boundary conditions, we

have

Cupc ()= P, S ome () = Fo»

G ipyc (1) = Osic (1) G i (1) = O op,c (14) 5 (A.102)
Uppye (13) = Ui (1) Ugie (ry) = Uope (1)

where r, to r, are shown in Figure A-1.

A.3.2.1PyC Failed Particle
If the IPyC layer fails in a particle, it transmits the internal pressure onto the inner
surface of SiC layer, i.e. the IPyC/SiC interface. Therefore we can use the following

boundary conditions to calculate stresses, strains and displacements in SiC and OPyC

layers.
Sqc(n)="P, G ome (15) = Py
O i (1) = O op (1) » e (7y) = op,e (1) (A.103)
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Although the IPyC layer is cracked, it is still tightly bonded with SiC at the interface,
and hence stresses are not fully relaxed. The post-crack stress solutions in failed layers

are given in Appendix B.

A.3.3.0PyC Failed Particle

Similar to the IPyC failed particle, the boundary conditions in this case are
Grll’yC(rZ): P, S () =1y,

C e (1) =G 50 (1), Uy (1) = Uge (1) - (A.104)

A.3.4.5iC Failed Particle

Due to irradiation induced dimensional change in pyrolytic carbon layers, SiC layer is
generally put into compression by IPyC and OPyC layers. Even there is a through-
thickness crack formed in SiC layer, it behaves the same as an intact layer under
compression. When there is a SiC crack and the SiC layer is in tension, we assume the
adjacent PyC layers are also cracked in either of the following two situations. Firstly, SiC
is stronger than PyC, so if SiC layer is failed by over-pressurization, the PyC layers also
fail that way. Secondly, if the crack in SiC layer is introduced by manufacturing or
handling, tensile loading creates a stress concentration that can easily cause the crack to

propagate into PyC layers.

A.3.5.1PyC and SiC Failed Particle
Based on the arguments in A.3.4, if the SiC layer is under compression, the case is the

same as A.3.2. Otherwise, OPyC layer also fails.

A.3.6.0PyC and SiC Failed Particle

Similar to A.3.5, if the SiC layer is under compression, the case is the same as A.3.3.

Otherwise, IPyC layer also fails.

A.3.7.1PyC and OPyC Failure Particle
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This case is a simple elastic problem, and the boundary conditions are

G sic (7'3) = P] ’ G,-S,'C(r4) = P() . (AIOS)
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Appendix B.

Improved Cracked Induced Fuel Failure Model

This part of the work shows how we calculate the resultant stresses, strains, and
displacements when a crack is formed in the IPyC or OPyC layer, as shown in Figure
B-1, and evaluate the stress intensity factor in the SiC layer induced by the crack. The
assumptions are: (1) the crack is opened in the radial direction due to high tensile stress in
the tangential direction, and catastrophically propagate in a circumferential direction to
form an axisymmetric crack ring. This assumption is backed by some evidences in
micrographs of irradiated fuel particles. (2) In this formulation, the cracked PyC layer is

still tightly bonded to the SiC layer at their interface. No debonding is allowed.

Figure B-1. The schematic of an IPyC cracked TRISO particle
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B.1. Crack Opening Displacement

Firstly we deal with a crack in the IPyC layer. Based on fracture mechanics, it is well
known that the displacement field around a crack tip is proportional to the square root of
the distance to the crack tip. Although in this kind of bi-material system where elastic
mismatch exists between PyC and SiC, the displacement field is modified, it doesn’t
deviate much from the square root dependence. Using polar coordinates (r’, ) snapped

onto the crack tip, as shown in Figure B-1, we can write [97]

u,,(r',B'):% ;ncos%(ﬁ—cosze;), (B.1)

ue,(r',e')=—% 2rn sin%( —cos:"%j, (B.2)

G=_% (B.3)
2(1+v)

2(1-v) plane strain

p= (B.4)

1
2—— planestress’
1+v

where K; is the Mode 1 stress intensity factor, E is the Young’s modulus, v is the
Poisson’s ratio, and G is the shear modulus.

In this case where an axisymmetric crack exists, we can use the plane strain value of
B [113]. Along the crack surface, 8’ = m, then according to egs. (B.1) and (B.2), the

displacements describe the crack configuration C are

uS{r,m)=0, 0<r <a) (B.5)

ug(r',n)=—2(1—_(;£\/;, 0<r <a) (B.6)

or if we use coordinates (r, 6) as shown in Figure B-1,

us(r,0)=0,(n<r<n) (B.7)

1 (r,0) = Al _GV)K’ qu;r ,(f ST <T13). (B.8)

AtO=m/2, uS(r,n/2)=0 due to symmetry, o we assume
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ul (r,0) = ul (r,O)E%, then (B.9)

: 20-v)K, [r,-r(=
[& 6 — 7 3 - . B
4 )= o (2 e) (B.10)

B.2. After-Crack Stresses and Strains

Our purpose is to estimate the stresses after PyC cracks, including the interfacial
shear stress/shear force P as shown in Figure B-1. To do this, first suppose there is no
resistance to free sliding of cracked PyC layer along the SiC layer, and the cracked PyC
layer fully relaxes and reaches configuration C’ in Figure B-1. Then SiC layer applies
shear force P to the cracked PyC layer to close the crack tip, and the configuration should

coincide with C.

B.2.1. Configuration C’

The cracked PyC layer, which is still subject to internal pressure p;, undergoes elastic

stress relaxation to C’, so

SS("): _(Grr§)+p')__V?9(r),and (Bll)
)= ~6wlr) -v(o, ()~ p.-), (B.12)

E E
where o, (r) and o, () are stresses right before cracking, which are known.

According to strain-displacement relations,

p
e ()= 2 (). (B.13)
or
C’ [
e ()= L2 (0) () (B.14)
r 00 r
and assuming
ut'(r,)=0,and (B.15)
ok TE
Ug (rgj =0, (symmetry) (B.16)
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we have

uS (r,)-ul ()= [ €5 (r)dr . s0 (B.17)
u’ (r)=- €5 (r)dr, and (B.18)
of ) o
(50)= 1 & 23/;9 o, 519
ug (r0)=Juf ()= ek r) 7 (B.20)
Assume
ul (r,0)= ug’"(r,O)m; 2/'6 , then (B.21)

u (r,0) = [uS () - £ (r)-r[g—ej- (B.22)

B.2.2. Configuration C’ = C due to interfacial stress

Suppose P is the shear force at the crack front per unit length around the

circumference, as shown in Figure B-1. P is in the tangential direction of coating layers
and induces the displacement . (r,0)= u{ (r,6)-u$ (r,0), and according to egs. (B.10)
and (B.22),

i (r.0) = |:2(1 ~v)K, [r,-r +e5(r)-r—u’ (r)}(g - 9] : (B.23)

G:mn/2 2n

In spherical coordinates, the strain-displacement relations are

, =2 (B.24)
or
16u, wu
€9 = ———+—=, and B.25
= o9 ", ( )
1{10u, Ouy u,
€p=—| ———+———|, B.26
7 2(1’ o0 or rJ ( )
and given
o’ =0, (B.27)
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the constitutive laws are

p__ ¥V »p
€ =~ %00

rr E
SP—IGP and
06 — . Ves>

E

p_ 1
E,49=—=0C,.
Il 2G ']

Now we want to solve for ¢,,, €/, and £5,. From egs. (B.28) and (B.29),

P P
€ = —VEgq, -

rr

From eqs. (B.23) and (B.25),

1 .~ Al-v)K - 1
ofr:0) =t () e ) 2K o L), ang

from eqs. (B.24) and (B.32),

ul (r,0)= —Faﬁ(r,@)dr =v f eb (r,0)dr , so

3 1 i . 2l-v)X ry—r
e300 [ ot Obr — s ), 0)- 20 5o

From eq. (B.34) we see that g, is independent of O, which is the result of the

assumptions in eqs. (B.9) and (B.21), so
€00 (r,G) = £g (’")

However, we cannot use eq. (B.26) to calculate e/, because &/ has a point

singularity at the crack tip and the assumptions in egs. (B.9)and (B.21) extend the point
singularity to a surface singularity, which makes shear strain energy non-conservative.
Therefore, we use the generic shear stress solution at a crack tip [97] to estimate the

contribution of shear strain energy due to interfacial shear force P. The shear stress at the

crack tip based on (r’,8°) coordinates is

K ! 1
ohe (r',0') = ——L—sin Y os2
27! 2

The shear strain energy density in the cracked IPyC layer is

shear

W =Lt KLy (,0)= it 0
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(B.29)

(B.30)

(B.31)

(B.32)

(B.33)

(B.34)

(B.35)

(B.36)

(B.37)



If we integrate it in the volume enclosed by 0 <r’<a, 1/2 <6’ <7, and 0 < ¢ < 2m, the

total shear strain energy is given by

W, = J?J: f W, dr'r' dO (r3 +r cose)d(b

_ ' N 2_ 4_ t '
—(’;f_[:z(r3+r cose)sm 2cos 2dr do

2 [ ' ' 2 ' v
K r3a_[1 sin? < cos* E)—a’E)'+£1—_[[ sin? 2 cos' & coserdpr
4G |k 7% 2 kT PN
2 ) 2 '
_Ki|na Sin29-I_+C_0_5‘e_d9v+a_f sin? 9'1_"’9_@ 0s0'do’
4G | 4 12 2 8 H/2
_Ki|ra (sin? 0+ sin’ 0'cos 0 o'+ [ (sin®@'cos6'+sin’ 6'cos’ 6"}
T4G| 8 ke 16 42
K fnaz 1), (x )
T 4G| 8 3) 16116 3
_ok; (1_1)+5[£_1)
“36|\a 3/ 26 3 . (B.38)

Because /. =0, as in eq. (B.27), the elastic strain energy due to P is
1
wh = ) —CEn + Wypear = iEz_gge (r) + wrhear ) (B.39)

and the total elastic strain energy in the upper half shell of TPyC layer (r; < r < 13) is

induced by the work done by P, so we have
P2, uf (r.0)= [ ' f ~on(r)'r” sindrdddy + )., (B.40)
Based on egs. (B.15), (B.20), and (B.40),

shear

P-2mr, -{—gsg;(g)rj,] 271'[ /ngee( ) r? sin@drdo +w?

2 2 Wrgar
r3 aﬂe(r) ——899( ) rodr + 2 . (B.41)
2n
1 N W‘plar
P=————-_ﬁ{.[Eege(r)2r2dr+—"2";‘t }

_grfgge(ra.)

For the crack configuration in Figure B-1, the stress intensity factor Kj is [97]
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14r,/
K, =0413— 210 57 ) g (B.42)

1/1—a/ir3 —rzi

We choose

a=0.99(r, -r,), (B.43)

because when the crack length reaches this level, the strain energy release rate plummet
towards zero [95], which means the crack doesn’t have the energy to grow any more,

then
K, =4.13(1+r,/r)ob{rWna . (B.44)
From eqgs. (B.34) and (B.44) we see that £/, and K, are mutually dependent, so we need

to iterate on eq. (B.34) to find the equilibrium between the two.

B.2.3. A Crack in OPyC Layer

If there is a radial crack in OPyC layer, the treatment is the same as for IPyC layer.
The different equations are listed below followed by the corresponding equation number

for IPyC.

ul (r,0)=0, (s <r<rs), eq. (B.5), (B.45)
¢ _2(1_V)K1 r=rn(m
ul (r,0)= 2\ o (2 e], eq. (B.10), (B.46)
E:E;"(’,.): _ (o-rr (r)+ p())_ _VGGQ (r) , €q. (Bll)’ (B47)
E E
e(r)= =% ) _- V(G"g) 120) oo B12) (B.48)
ul'(r,)=0,eq. (B.15), (B.49)
uf'(r)= [eﬁ;(r)dr,eq. (B.18), (B.50)

P 2(1- K} L C o
uy (r,Q):[ (G:/)2 frz,: +e5y(r) 7 —u' (r)}(g—e}eq. (B.23), (B.51)

gl (r,6)+% ng’e (r,0)dr = luﬁ"'(r)— g5 (r) - 2A-v)K, J;;rr; .eq. (B.34), (B.52)

¥ G-n/2
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K? r 1) aln 1
T P (R P —u) _eq. (B.38), B.53
shear 32G{r4{4 3} 2(16 3 } q ( ) ( )

P
P =-—-1—~—[ [5£8g9(r)2r2dr + _”f"—} eq. (B.41), (B.54)
T 2 ¢ 1 2 2n
“5"4 €50 (74)
K, = 4130 +r,/r )65 (r Wna , eq. (B.44). (B.55)

B.2.4. Post-Crack Stress Development due to Further Irradiation

After a cracked is formed in IPyC layer, it is still subject to deformation caused by
irradiation-induced dimensional change and irradiation-induced creep. We can treat this
issue as if the fully relaxed configuration C” is a function of jrradiation after cracking.
Specifically, suppose f — At is any time after cracking in the IPyC layer, then
e (r,1) =€ (r,t = M)+ S, (t - AL}, (B.56)
60 (r.1) = €5 (o1 — Ar)+ copg (1 = Ar)AL+ 5, (e = At)Ar
= 65 (r,t = Af)+ cEsly(r,t = A)AL+ S, (1 - At)A

ul (rot)=-[ e (rit)dr. (B.58)

where ¢ is the irradiation-induced creep coefficient (cmz/ 10*' neutron/MPa), and S, and

, and (B.57)

S, are the irradiation-induced dimensional change rate (cm?/10*'neutron) in the radial

and tangential directions, respectively. The reason there is no creep term in eq. (B.56) is
that cracked IPyC layer transmits internal pressure to SiC layer, and only experiences
very little radial stress, therefore the radial creep strain contribution in eq. (B.56) is
omitted.

With eqs. (B.56) through (B.58) and (B.34), we then have

6] 1 : . 20-v)K, Ut —-r
R R e e -

where K| is given by eq. (B.44).
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Appendix C.

Fuel Performance Modeling Code —- TIMCOAT

C.1. General Description

The computer code TIMCOAT is the FORTRAN implementation of the fuel
performance model in this thesis, and it stands for The Integrated Model of COATed
Fuel. Besides, TIM is the name of the Beaver - the mascot of MIT. The logical structure
of the code can be represented by the flow chart in Figure 2-1. The code assumes typical
TRISO fuel particle configuration, i.e. a fuel kernel with a buffer layer and three
structural layers (IPyC, SiC, and OPyC), prepares particle material properties and
environmental variables, calculates the stresses in the structural layers of the particles,
and evaluate fuel failures at every time step during irradiation of fuel particles. The code
can sample millions of fuel particles and generate statistics of them in the output files. It
can also simulate particles in pebble bed reactor cores, in irradiation tests, and in

idealized irradiation conditions.

C.2. Module Description

To facilitate future modification and extension of the code, efforts were made toward
the modulation of the code. Major components are placed in separate files for information
hiding purpose, and functional blocks are organized into subroutines and functions. In the
following, implementation details on modules are provided with the intention to cover
most contents of the code. It should be mentioned that by ‘module’ we mean logical

components, not the FORTRAN structure ‘MODULE’.

C.2.1. Mechanical Analysis

254



The formulation of stress analysis has been presented in Appendix A, and the coding
of solutions is in the subroutine M_ANALYSIS, with the signature of
M_ANALYSIS(MCODE,PRESS,PAMB,FLU,SIGR,SIGT,EPIR,EPIT,UR), (C.1)
where
MCODE is the analysis type discussed in Section 2.5.3, which can take the values of
‘ISO3’, ‘IS2’, “S0O2’, and ‘S1’,

PRESS is the internal pressure exerted on the inner surface of the IPyC layer,

PAMB is the ambient pressure exerted on the outer surface of the OPyC layer,

FLU is the fast neutron fluence,

SIGR, SIGT, EPIR, EPIT, and UR are the radial stresses, tangential stresses, radial
strains, tangential strains, and radial displacements, respectively. These are arrays of size
NDIV, which is the number of points on the radii of three structural layers at which the
variables are calculated. For example, if NDIV = 30, ten points in each layer will divide it
into nine equally thick segments.

As stated in Section A.3, the unknowns in egs. (A.57) through (A.61) are solved by
applying appropriate boundary conditions. The solutions to the unknowns are presented
below.

(1) MCODE = ‘ISO%’

This is the case when all three structural layers are intact, and the corresponding
boundary conditions are in Section A.3.1. We denote the unknowns of order ‘i' in IPyC as
Ai and Bi, in SiC as Di and Fi, and in OPyC as Mi and Ni.

To facilitate programming in Fortran, we define the following variables. Let

Ll=1, I2=h, I3=m, L4=k, (C.2)
Gl= ! = ! , G2 = ! = ! ,G3= k = L4 , and (C.3)
k-m L4-1L3 l+m L1+1L3 l+m L1+1L3
2(1
Vi=1-2v, V2= (%V”) V3 =2(Llv, - L3)Gt, where (C4)

1, h, m, and k are defined in eq. (A.40). These variables can be applied to both IPyC and
OPyC layers, so ‘I’ or ‘O’ is attached to all the symbols when either IPyC or OPyC is
specified

We also define
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GlS =—2— G2§=-"""_for SiC layer. (C.5)
1-2vg 1+ v ge

Applying the boundary conditions in Section A.3.1, we get

27
O (1) =Py =G - 4, -2G2I - B, + S (Inr, + G31)

3
— "@2[ i+ 131611 VU oy () + [LU - GU VU <15 1 (1))
i

Lar-s,,  +L2I1-S,,
i(L1] - L4I - L2]-L31)

with Py; = 0 unless i=0,

: (C.6)

21
Gr()PyCi(rs) = P()i = GIO'M: _2G20'Nfr5_3 + ];0'
_ cogzo {i+130-G10- V1016 0,014 () + [L10-G10 - V10 =15, 1 (15)} (C.7)
1
_L40-S,,, +L20-S,,,

i(L10- 140 - 20 - L30)

(Inr, + G30)

with Po; = 0 unless i=0,

21,
Gl -A,-2G2I-Br.> + 5 (Inr, + G3I)

G2+ 131G vk, i (1) + [LU-GU -V =1} 1 (7))
, :

L4I.S,,  +121-S,,

i(L1] - L4I — 121 - L3])

(C.8)

=G1S-D, - G2S - Fr,”

GlO0-M, -2G20-Nr + 3%(111 r, + G30)

COC_;ZO {1+ 130-G10- V10 4y 1 (7)) +[L10-G10 V10 -1l 4pp,1 )} (C.9)
, _

_L40-8,, + 120 Sy _ GIS-D. —G2S - Fr-
i(L10 - L40 - 120 L30) ' B

_ 2 }
Ar, +Br’ +mf“r3 Inr, = Dy, + Fr]?, and (C.10)

_ 2 _
M, + Nz~ JFTOfO,r4 Inr, =Dy, +Fr>. (C.11)

Rearranging egs. (C.6) through (C.11), we have

256



PX,=0,,
where

xT'=[4, B D, F, M, N, and

1 1 ]

2G21
1 gu o 0 0 0
| 262 _ Gl G2S 0
i GlI GlI
1 re —1 —ry 0
P=
0 0 ~1 —r 1
0 0 _GIS G2S . |
G10 G10
0 0 0 0 1

For 1 = 0 (initial stresses),

r | B £, :
= 0 0 0 0 , and for higher orders,
o -| Lo ch

G1I
2/ S (nr, +G3D)+ G Sh
3GU GlI Gl
21 —L(lnr, + G31) + 1G21 O +ﬂ
3Gl G11 GlI
.f11+] lnr
0., = 3G ,
" 2f01+1 lIl
4
3G10 .
f S (Inr, +G30) +¢0 G20 20
3G G10 G10
fo’“ (ln r, +G30)+cO G20 G5+ SO
| 3G G10 G10 |
where
(14 L31-GU VU g, (1) + [LU - GU - VU = 1]54(,(72)
g, = ’
i i+1
[1 +L31-GU Vo, (ry) + [L1 -G - V1T - 1]()',3,Py(,(r3
3 i+1
1+ L30-G10 - V105 ¢, (7)) + [L10- G10 V10 =15 4,0, ()
G = . >
i+1
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(C.16)

(C.17)

(C.18)

(C.19)




[+ 130-G10- V105, (r5) +[L10-G1O V10 = 1o, (75)

| , C.20
GJS l+1 ( )
[1+ L30-G10 V106 1,0 (r5) +[L10 - GLO V10 ~ 1o, (75)
G, = . AL (C.21)
i+1
L41-S, +I21-S,,
i = Sr]l + 0/ , and (C22)
(i +1)(L1 - L4] - L21 - L3])
L40 -8, +L20-S,, (C.23)

- (i +1)(L10-LA0 - 120-130)
Eq. (C.12) can be solved by calling the subroutine DLSARG in IMSL library of
FORTRAN. The summations in eqs. (A.18) and (A.22) are evaluated by adding terms of
increasing orders until they satisfy a preset convergence criterion. For example, if the
criterion is 10™ and order i term contributes to less than 10™ of the summation, then the

summation will be truncated there.

(2) MCODE = “IS2’
This is the IPyC/SiC two layer problem, and following the same procedure as in (1)

and using boundary conditions in Section A.3.3, we get

PX; =0, (C29)
where
X" =[4, B, D, F],and (C.25)
2621 - 0 0
Gl
262 5 GIS G2S
P= Gl ° G\l G’ | (C.26)
1 r3'3 -1 - r3’3
0 0 1 G628 r,>
L GIS

For 1 = 0 (initial stresses),

. P P
== 0 0 —2|, and for higher orders, C.27
Q" {Gll Gls] 8 (€27
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-

_2un

St

i (Inr, +G3D) +cl
3Gl

G217
Gl

Gl
G21

i2

+
Gl
Sti

O =\ 36U
. 2.f]i+) In r3

36U
0

21
- {lnr, +G3N +cl L+
(Inr )+c a1 "

GiI |-

J

(C.28)

The above gives the mechanical solutions in IPyC and SiC layers. In the cracked

OPyC layer, we use the derivation in Section B.2 to estimate the stresses, strains,

displacements, and stress intensity factors there.

(3) MCODE = S02’

This is the SiC/OPyC two layer problem, and similar to (2) and using boundary

conditions in Section A.3.2, we get

PX, =0Q,,
where

X'=[p, F M, N)] and

_G28 20 0
G1S
_GIs  Ga§s 2620
P=| Gio G0’ Glo
-1 -r 1 r
0 0 1 ———2620;;3
] Glo ¢

For 1= 0 (initial stresses),

r_| & £
= 00

< [GIS G10

i 0

*@—(lnn +G30) +cO

3G10 Gl10
O = __z_j_rﬂ
3G10

3G10

Inr,

- 2—fa’i(ln rs +G30) +cO
Gl10

G20

G20

jl , and for higher orders,

SOi

G+
Gl10

SOi

O, +
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G10 |

(C.29)

(C.30)

(C.31)

(C.32)

(C.33)



The above gives the mechanical solutions in SiC and OPyC layers. In the cracked
IPyC layer, we use the derivation in Section B.2 to estimate the stresses, strains,

displacements, and stress intensity factors there.

(4) MCODE = ‘SI’
This is the single elastic SiC layer problem, and using boundary conditions in Section
A.3.7 we have

S i (1) =P, =G1S-D, —=G2S - Fr,” (Py;= 0 unless i=0), and (C.34)
G,5ci(r)) =P, =G1S- D, ~G2S - Frr,> (Po;= 0 unless i=0). (C.35)
From eqs. (C.34) and (C.35),

_Pr7 =Py

= , and C.36
0 GlS‘rf —r}_3 l ( )
P —
0 = —==of _3‘0" —+ . and (C.37)
G280 1)

Di and Fi are zeros for all other orders.

In this elastic case of SiC, we have closed form solutions as

3 -3
Os5ic (1) = ( 2rr_3) - r_3(2r ) , (C.38)
4 3
Oy () = d (r;} : rr_ 33)1?33(” _3+ f"3_3 ) , (C.39)

P/"473 P()rs_ 2( Po )"_3

e C.40
O G G ) o
P‘.r"4_3 _Pur’._} ( PO)FJ
| ) . d C4l
Eosic (r) GlS(r4_3 — r3_3)+ GZS(r4 - 7'3 ) - ( )
Pr =P, = F -2
o | c.42
Ui (r) GIs{r,? -7, )r G2Slry ‘rjr -

The above gives the mechanical solutions in SiC layers. In the cracked IPyC and
OPyC layers, we use the derivation in Section B.2 to estimate the stresses, strains,

displacements, and stress intensity factors there.

(5) MCODE = ‘I1" and MCODE = ‘01’
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At current stage of the model, we assume that if the SiC layer is failed and it is in
tension, then the adjacent PyC layers cannot survive, as discussed in Sections A.3.5 and

A.3.6. Therefore, we don’t do stress analysis for these two cases.

C.2.2. Thermal Analysis

The thermal calculation in pebble bed system is done in the subroutine
TEMPERATURE(QPPP, T_HE, BURNUP, T PARTICLE), (C.43)
where
QPPP is the local power density at where the tracked pebble is in W/m®,

T HE is the local Helium temperature in °C,
BURNUP is the current burnup of the pebble in FIMA, and
T PARTICLE(O:5) is an array recording the temperature distribution in a particle.

Thermal conductivities of fuel and coating materials are embedded in this subroutine,
and two functions TPEBBLE and TPARTICLE are used to calculate temperatures in a
pebble and a particle, respectively.

When irradiation tests are simulated, temperatures are provided as inputs instead of

being calculated.

C.2.3.Fission Gas Release

The fission gas release from the fuel kemel and resulting internal pressure are
calculated in the subroutine
GASRLS(T_PARTICLE,BURNUP,OPERTIME,DIFFUSION,PRESSURE), (C.44)
where
OPERTIME is the irradiation time in seconds,

DIFFUSION is a logic flag for selecting whether to deploy the diffusion-governed fission
gas release model,
PRESSURE is the calculated internal pressure in MPa, and
T_PARTICLE AND BURNUP are given in Section C.2.2.
As stated in Section 2.2, when simulating particle behavior in non-isothermal

conditions, we don’t use the diffusion-governed gas release model.
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C.2.4. Material Properties

Most material property models are assembled in the library file “materprop.lib”. The
embedded functions and subroutines are described below.
Young’s modulus of dense pyrocarbon is calculated by the function
E_PYC(D, BAF0, LC, FLUENCE, T), (C.435)
where
D is the density of dense pyrocarbon in g/em’,
BAFO is the as-fabricated BAF of dense pyrocarbon,
LC is the crystallite size of dense pyrocarbon in A,
FLUENCE is the fast neutron fluence in 10*'n/cr?, E > 0.18MeV, and
T is the temperature of the material in °C.
The irradiated BAF for pyrocarbon is given by the function
BAFI_PYC(BAF0, FLUENCE). (C.46)
The unrestrained irradiation-induced dimensional change rates in pyrocarbon are
given by the subroutine
SWELLU(T,FLUENCE,D,BAF 0,CRATE,SR_DOT,ST_DOT), (C.47)
where
CRATE is the coating rate of the pyrocarbon layer in um/minute,
SR_DOT is the dimensional change rate in the radial direction in (1 Ozln/cmz)", and
ST_DOT is the dimensional change rate in the tangential direction in (1021n/cm2)".
The restrained irradiation-induced dimensional change rates in pyrocarbon due to
creep strain are given by the subroutine
SWELLR(BAFI, EC, DFLU, SR_DOT, ST_DOT), (C.48)
where
BAFI is the irradiated BAF for pyrocarbon,
EC is an array of size 2 storing the radial and tangential components of apparent creep
strain, and
DFLU is the incremental fast neutron fluence gained in one time step in 10>'n/cm?.

The steady-state irradiation creep in pyrocarbon is given by the subroutine
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SSICREEP_PYC(FLUENCE, D, T, EC, CREEP, NU_C), (C.49)
where

CREERP is the creep coefficient in (MPa.10*'n/cm?)!, and

NU_C is the Poisson’s ratio in creep.

The strength of pyrocarbon is given by the subroutine

STRENGTH_PYC(LAYER, FLAG, D, BAF0, FLU, T, SIGT, SIGMAO0, SIGF, M),
(C.50)

where

LAYER indicates whether IPyC or OPyC is looked at,

FLAG takes the value of ‘INI” or ‘IRR’ to indicate whether the user wants initial strength

or irradiated strength, respectively,

SIGT is the array for tangential stresses in the particle (MPa),

SIGMAUO is the initial characteristic strength of pyrocarbon in MPa.m®? (B being the

Weibull modulus),

SIGF is the mean fracture strength of pyrocarbon in MPa, and

M 1is the Weibull modulus of pyrocarbon.

The apparent creep strains in pyrocarbon layers are given by the subroutine
EPI_C(LAYER, SIGR, SIGT, CREEP, NU_C, DFLU, EC), (C.51)
where
LAYER indicates whether IPyC or OPyC is looked at,

SIGR is the array for radial stresses in the particle (MPa), and the rest variables are
defined previously.

The Young’s modulus of SiC is given simply by the function

E_SIC(T). (C.52)
The strength of SiC is given by the subroutine

STRENGTH_SIC(FLAG, FLU, T, SIGT, SIGMA0, SIGF, M), (C.53)

where

FLAG takes the value of ‘INI’ or ‘IRR’ to indicate whether the user wants initial strength

or irradiated strength, respecttvely,

SIGMAUO is the initial characteristic strength of SiC in MPa.m™® (B being the Weibull

modulus),
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SIGF is the mean fracture strength of SiC, and
M 1s the Weibull modulus of SiC.

C.2.5.Fuel Failure Evaluation

This module is an implementation of particle state diagram in Figure 2-46. The
subroutine is
FAILURE(SIGR, SIGT, FAIL, FAILTYPE), (C.54)
Where
SIGR and SIGT are radial and tangential stresses,
FAIL is a flag indicating whether the particle fails or not, and
FAILTYPE 1s an INTEGER*4 array of size 3, which counts the number of particle
failures in three types: PyC crack induced failure, over-pressurization failure, and
chemical failure, in FAILTYPE(0), FAILTYPE(1), and FAILTYPE(2), respectively.

The module also updates two COMMON blocks /NFAIL/ and /CRACKED PYC/
which interface with the main program and the mechanical analysis module to provide

information about fuel failure. The block /NFAIL/ 1s defined as

COMMON /NFAIL/ IPYCFAIL, SICFAIL, OPYCFAIL, PARFAIL, (C.55)
& IPYCFAILED, SICFAILED, OPYCFAILED, PARFAILED,
& NCHAR, FMODE, PSTATE, MCODE, FAILUREPATH

The INTEGER*4 variables [IPYCFAIL, SICFAIL, OPYCFAIL, and PARFAIL count
the number of failures of IPyC, SiC, OPyC, and the whole particle when a batch of
particles are simulated. An INTEGER*4 variable has 31 bits to store a number and 1 bit
for the sign, so the largest positive number it can hold is 2°1.1 = 2,147,483,647, which
means it can support simulations of over 2 billion particles.

The INTEGER variables IPYCFAILED, SICFAILED, OPYCFAILED, PARFAILED
are for the currently examined particle. They take values of 0, 1, and 2, which have the
following meanings. Take IPYCFAILED for example, if it is ‘0°, then the IPyC layer is
fine; if it is ‘1°, then IPyC has just failed; if it is *2°, then IPyC failed at certain previous
time step. The reason we distinguish cases ‘1” and ‘2’ is because when a layer cracks and

stresses in it haven’t relaxed, the layer may have bigger impact to other layers than when
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stresses re-distribute after cracking. These variables are the transition flags in Figure
2-46.

The variables PSTATE and MCODE correspond to particle state and analysis type in
Figure 2-46. We already see how MCODE controls the type of mechanical analysis in
Section C.2.1. FMODE takes the values ‘0°, ‘1°, and ‘2’ to indicate PyC crack induced
failure, over-pressurization failure, and chemical failure. CHARACTER*42 variable
FAILUREPATH records what path a particle goes through in the particle state diagram
and NCHAR records the current number of characters which are stored in
FAILUREPATH.

The COMMON block / CRACKED_PYC/ is defined as
COMMON /CRACKED PYC/EPIRCP, EPITCP, URCP, KIIPYC, (C.56)

& KIOPYC, K11, K12, SHEARIPYC, SHEAROPYC, DF

EPIRCP, EPITCP, and URCP are radial strain, tangential strain, and radial
displacement distributions in cracked PyC layers with C’ configuration as discussed in
Section B.2.2. KIIPYC, and KIOPYC are the stress intensity factors in IPyC and OPyC
layers, respectively. KI1 and KI2 are the stress intensity contributions to the SiC layer
from KIIPYC and KIOPYC, respectively. SHEARIPYC and SHEAROPYC are the shear
forces per unmit length on the SiC surface induced by IPyC crack and OPyC crack,

respectively.

C.2.6.Monte Carlo Sampling

In TIMCOAT, many coated particle properties are sampled based on Weibull
distribution, triangular distribution, or normal distribution, as discussed in Section 2.7. In
such processes, the generation of random numbers is very important. We take the random
number gencrator RAN from the FUEL code [114], which is based on the lagged
Fibonacci method [173]. RAN passed a number of stringent tests, including Parking Lot,
Lattice, Overlapping M-Tuple, Overlapping-Pairs-Sparse-Occupancy (OPSO), OPERM,
RUNS, RANK, and Birthday Spacing Test [174].

Users can supply a random number seed by turning on the flag USERSEED in the

input file, which will be described in Section C.3.1, or let the code initialize a random
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number seed according to the time of the day when the program starts to run. To use the
function RAN, one should execute RAN(SEED) to initialize the random number

generator, then use RAN(0) for subsequent calls to get random numbers.

C.2.7. Error Handling

The error handling functionality still leaves great space for further improvement.
Right now the error handling in TIMCOAT mainly does two things. One is to check
whether inputs are correctly formatted or input files could be located. The other is to
check whether material properties for the particles are within appropriate ranges specified
by the material database and material models. If errors arise, error messages are sent to
the subroutine XERROR [114] to determine if the program should be terminated or

recovered and to write error information to an output file called ‘xerror.msg’.

C.3. Code Execution

The logical block diagram of the code TIMCOAT is shown in Figure C-2. The code
asks users to provide an input file, as shown in Figure C-1 which contains the particle

specification, simulation environment parameters, and program control parameters.

MPBR Input File Request

PR

Please ptowde main mut file: name above
- (Omit dat extension)

Figure C-1. TIMCOAT input file dialog

266



( Display welcome message w

L Ask user for general input file ‘

Ask user for
simulation type

Irradiation Test Simple Simulation

Input the irradiation

history file distribution file and burnup rate

Prepare output files and set up the /

environment for calculations

Input VSOP power and flux } lissume constant T, flux

Start of particle
sampling loop

v

Sample particle
properties

Irradiation Test Simple Simulation

Start of pebble

cycling loop
Calculate T and fIS'SIOI‘I gas Simulate pebble flowpath Calculate T and f|§5|on gas
release at every time step ] release at every time step

v

Calculate T and fission gas
release at every time step

v

Mechanical analysis and Mechanical analysis and
failure evaluation failure evaluation

Mechanical analysis and
failure evaluation

Write results and statistics
to output files

v

& End of program /I

Figure C-2. Block diagram of TIMCOAT code

267



C.3.1. The General Input File

The description of the parameters in this input file is given below. The parameters are
read in by the program via a NAMELIST called ‘INPUT’. The example input file here is
for design specified LEU-TRISO coated fuel particles simulated in new Modular Pebble
Bed Reactor (MPBR2) discussed in Section 4.3.1.

$INPUT

CORE_HEIGHT = 11.0D0, core height (m)
CORE_RADIUS = 1.75D0, core radius(im)

P_CORE = 400.0D0, core power (MWth)

QPPP_AVG = 4.77689D6, averaged power density (W/m>)
T_IRR = 1000.0D0, irradiation temperature (°C)
IRRTIME = 936.0D0, irradiation time(Day)

T_GASIN = 500.0D0, coolant inlet temperature (°C)
T_GASOUT = 900.0D0, coolant outlet temperature (°C)
MF_HE = 154.6D0, helium mass flow rate (kg/s)
PEBRADIUS = 3.0D-2, pebble radius (m)

PFZRADIUS = 2.5D-2, pebble fuel zone radius (m)
NPEBBLE = 451600, number of pebbles in core
NPARTICLE = 15000, number of particles per pebble

DT = 7.2576D35, time step size (s)

OUTTIME = 7.2576D5, time pebble is taken out of the core in each cycle (s)
EOLBUP = 0.9775D0, EOL burnup (FIMA)

EOLFLU = 2.66D0, EOL fluence (10*'n/cm?)

SHUFFLE = 6, number of fueling cycles

FUELTYPE ='UQ2', fuel kernel type

CURAT = 0.0D0, Carbon to Uranium ratio

OURAT = 2.0D0, Oxygen to Uranium ratio

U235ENR =9.600D0, U235 enrichment (%)

U235VAR = 0.1D0, standard deviation on U233 enrichment (%)
KERND = 10.4D0, kernel density (g/cm’)
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KERNDVAR = 0.01D0, standard deviation on kernel density {g/cm’)
KERNT = 10.95D0, kernel theoretical density (g/cm’)

KERNDIA = 500.0D0, kernel diameter (um)

KERNVAR = 20.0D0, standard deviation on kernel diameter (um)
BUFFD = 1.05D0, buffer density (g/cm’)

BUFFDVAR = 0.05D0, standard deviation on buffer density (g/cmB)
BUFFT = 2.25D0, buffer theoretical density (g/cm®)

BUFFTHK = 90.0D0, buffer thickness (um)

BUFFVAR = 18.0D0, standard deviation on buffer thickness (pum)
IPYCBAFOI = 1.05788D0, IPyC as-fabricated BAF

IPYCBAFVAR = 0.00543D0, standard deviation on IPyC as-fabricated BAF
IPYCCRATE = 1.5D0, IPyC coating rate (jum/min)

IPYCLC =29.98D0, IPyC crystallite length (um)

IPYCD = 1.90D0, IPyC density (g/cm?)

IPYCF = 24.0D0, IPyC characteristic strength (MPa.m*/modulus)
IPYCM = 9.5D0, IPyC Weibull modulus

[PYCTHK = 40.0D0, IPyC thickness (j1m)

IPYCVAR =10.0D0, standard deviation on IPyC thickness (um)
OPYCBAFOI = 1.05788D0, OPyC as-fabricated BAF
OPYCBAFVAR = 0.00543D0, standard deviation on OPyC as-fabricated BAF
OPYCCRATE = 1.5D0, OPyC coating rate (m/min)

OPYCLC =29.98D0, OPyC crystallite length (pum)

OPYCD = 1.90D0, OPyC density (g/cm)

OPYCF = 24.0D0, OPyC characteristic strength (MPa.m’/modulus)
OPYCM = 9.5D0, OPyC Weibull modulus

OPYCTHK = 40.0D0, OPyC thickness (um)

OPYCVAR = 10.0D0, standard deviation on OPyC thickness (um)
SICTHK = 35.0D0, SiC thickness (um)

SICVAR = 4.0D0, standard deviation on SiC thickness (pum)

SICF = 9.0D0, SiC characteristic strength (MPa.m*/modulus)
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SICKICO = 3500.0D0, SiC fracture toughness (MPa.pm'?)

SICKVAR = 530.72D0, standard deviation on SiC fracture toughness

SICM = 6.0D0, SiC Weibull modulus

PAMB = 0.10D0, ambient pressure (MPa)

TITLE = 'Reference LEU TRISO fuel_Design Specification', particle description

OSPEC ='nPBMR DS/, output file name

DEBUG = .TRUE,, flag for debugging

ISEED = 30285171, initial seed for random number generator

NBURP = 1, send intermediate outputs for every NBURP sampled particles

NCASES = 1, number of particles to be sampled

NOMINAL = .TRUE,, flag turning on/off Monte Carlo sampling

DIFFUSION = .FALSE., flag turning on/off diffusion model for gas release

HISTOGRAM = FALSE., flag turning on/off histogram outputs

RUNIRR = ‘STRESS’, flag turning on/off fuel failure evaluation

USERSEED = .TRUE.,, flag determining whether ISEED from users is used
$END

Depending on the type of simulations users want to run, different subsets of the above
parameters are taken and different control parameters are set, which will be detailed
below in Section C.3.2. The parameters from ‘FUELTYPE’ to ‘OSPEC’ form a shared

subset.

C.3.2. Simulation Type

The program allows users to run three types of simulations: simulation in pebble bed
reactor environments, simulation of fuel irradiation tests, and simulation under constant

irradiation conditions. The user selection dialog is shown in Figure C-3.
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Power Type

Figure C-3. Simulation type selection dialog

C.3.2.1.Simulation in Pebble Bed Reactor Environments

To run simulations in pebble bed systems, the steady state power and fast neutron
flux distributions for the systems need to be provided. In out case, the program interfaces
with VSOP outputs to obtain the information. One major VSOP output file is organized
in the following way and is fed into TIMCOAT via the input file ‘pdistr.dat’, as shown in
Section C.4.3. From left to right, the listed data are Batch Number, Batch Volume,
Conversion Ratio, Batch Power Peaking Factor, Burnup, and Fast Neutron Fluence.
VSOP model setup and channels, blocks, and batches are discussed in Section 2.6. Beside
this file, two more input files need to be provided. ‘blocks.dat’ supplies axial position and
fast neutron flux of each block. ‘channels.dat’ depicts the radial and axial positions of
channels, as plotted in Figure 2-48. As said in Section 2.6, pebbles flow in channels and
simulations pick up irradiation conditions on the way and various analyses are performed
at each time step. The batches in each block represent pebbles which come to this block
via different number of cycles. In the general input file in Section C.3.1,
CORE_HEIGHT, CORE_RADIUS, P_CORE, QPPP_AVG, T_GASIN, T_GASOUT,
MF HE, PEBRADIUS, PFZRADIUS, NPEBBLE, NPARTICLE, DT, OUTTIME,
SHUFFLE will be used in this type of simulations. They are not meaningful in another

two types of simulations.
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C.3.2.2.Simulation of Irradiation Tests

In this case, the irradiation histories of irradiated particles are provided as inputs and
all the simulated particles run into the same history, which is different from the pebble
bed reactor case. The irradiation history for NPR1-AS compact (see Section 3.2) is given
in Section C.4.4. From left to right, the data are Irradiation Time, Effective Full Power

Days, Irradiation Temperature, Fast Neutron Fluence, and Burnup.

C.3.2.3.Simulation under Constant Irradiation Conditions

This is the simplest simulation case where the general input file can fully specify the
irradiation conditions. T_IRR gives the irradiation temperature, IRRTIME gives the
irradiation duration, fast neutron flux is determined by dividing EOLFLU by IRRTIME,
and burnup rate is determined by dividing EOLBUP by IRRTIME.

C.3.3. Output Control

With a set of control parameters in the general input file, users can choose the output
files they want. The common output file is named by OSPEC+".out’, where OSPEC is the
output file name specified in the input file. A sample output file for NPR1-A8 compact
(See Section 3.2) is given in Section C.4.5. The file first provides an echo of the input
parameters, then lists the failure histories of particles and their individual layers, and
finally prints the statistics of stresses and failures in particles. In the example below,
because one million particles were sampled, NOMINAL was set to .FALSE. to enable
Monte Carlo sampling. When NOMINAL is .FALSE., an output file ‘failures.dat’ will be
created 10 record the very detailed information of every failed particle. When NOMINAL
is .-TRUE., the code looks at the behavior of a nominal fuel particle and output lots of
useful information. It creates ‘out_sigr.dat’, ‘out_sigt.dat’, ‘out epir.dat’, ‘out_epit.dat’,
‘out_ur.dat’, and ‘out_swel.dat’ for radial stresses, tangential stresses, radial strains,
tangential strains, radial displacements, and irradiation induced dimensional change rates,
respectively. Besides, if pebble bed simulation is chosen, ‘out_core.dat’ is produced to

record the actual irradiation history for the particle, ‘out temp.dat’ records the
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temperature distribution in the particle, and ‘test.dat’ shows which channels the
pebble/particle has gone through in subsequent cycles. If irradiation test is simulated,
‘irr_history.out’ contains the irradiation history. If constant irradiation simulation is used,
‘cap_test.out’ contains the irradiation history. Different output file names are used to help
users recognize what type of simulations they have run.

If we set DEBUG to .TRUE., an output file called OSPEC+.dbg’ will be created.
The file provides values for many other intermediate variables which are not contained in
the general output file. It helps users to look closely at what is going on during the
calculations and to locate potential problems in the code.

If we set HISTOGRAM to .TRUE., particle failure histograms with respect to
irradiation time, stresses, fast neutron fluence, and burnup will be written to the output
file OSPEC+".his’. The number of bins for the histograms is specified by the parameter
NHIS in the main program. The ranges for time, stress, fluence, and burnup are set by 0
to TIMELIMIT, SIG_LOWER to SIG_UPPER, 0 to EOLFLU, and 0 to EOLBUP,
respectively. It is obvious that only when NOMINAL is .FALSE. and Monte Carlo
sampling is run on many particles is the flag HISTOGRAM meaningful.

Finally, if we set RUNIRR to ‘STRESS’, the program will only calculate stresses
without performing fuel failure evaluation. If RUNIRR is ‘FAILURE’, then fuel failure

models will be applied to look at various types of fuel particle failures.

C.4. Samples

C.4.1.Input File for Nominal Type 1 Particle in Section 2.4.6

‘Typel.dat’
$INPUT
CORE_HEIGHT = 10.0DO0,
CORE_RADIUS = 1.75D0,
P_CORE = 250.0D0,
QPPP_AVG = 3.65186D6,
T_IRR = 1000.0D0,
IRRTIME = 1000.0D0,
T_GASIN = 450.0D0,
T_GASOUT = 850.0D0,
MF_HE = 118.0D0,
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PEBRADIUS = 3.0D-2,
PFZRADIUS = 2.5D-2,
NPEBBLE = 360000,
NPARTICLE = 11000,
DT = 2.88D6,
OUTTIME = 2.88D6,
EOLBUP = 0.10D0,
EOLFLU = 3.0D0,
SHUFFLE = 10,
FUELTYPE = 'UCO!,
CURAT = 0.36D0,
OURAT = 1.51D0,
U235ENR = 93.15D0,
U235VAR = 0.01D0,
KERND = 10.52D0,
KERNDVAR = 0.01D0,
KERNT = 11.03D0,
KERNDIA = 195.0D0,
KERNVAR = 5.2D0,
BUFFD = 0.95D0,
BUFFDVAR = 0.05D0,
BUFFT = 2.25D0,
BUFFTHK = 100.0D0,
BUFFVAR = 10.2D0,
IPYCBAFOI = 1.03DO0,
IPYCBAFVAR = 0.00543D0,
IPYCCRATE = 1.0D0,
IPYCLC = 29.98DO0,
IPYCD = 1.90D0,
IPYCF = 24.0D0,
IPYCM = 9.5D0,
IPYCTHK = 53.0D0,
IPYCVAR = 3.68D0,
OPYCBAFOI = 1.03D0,
OPYCBAFVAR = 0.00543D0,
OPYCCRATE = 1.0DO0,
OPYCLC = 29.98D0,
OPYCD = 1.90D0,
OPYCF = 24.0D0,
OPYCM = 9.5D0,
OPYCTHK = 43.0D0,
OPYCVAR = 4.01D0,
SICTHK = 35.0DO0,
SICVAR = 3.12D0,
SICF = 9.0D0,
SICKICO = 3500.0D0,
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SICKVAR = 530.7227776,

SICM = 6.0D0,

PAMB = 6.38D0,

TITLE ="Type 1 fuel specifications nominal’,

OSPEC = "Typel,

DEBUG = .TRUE.,

ISEED = 30285171,

NBURP =1,

NCASES =1,

NOMINAL = . TRUE.,

DIFFUSION = .TRUE.,

HISTOGRAM = .FALSE.,

RUNIRR ='STRESS',

USERSEED = .TRUE.,
$END

C.4.2.Input File for NPR2-A4 Particles — 1,000,000 Cases

‘NPR2_Ads.dat’
$INPUT
CORE_HEIGHT = 10.0DO0,
CORE_RADIUS = 1.75D0,
P_CORE = 250.0DO0,
QPPP_AVG = 3.65186D6,
T_IRR = 746.0D0,
IRRTIME = 172.0DO0,
T_GASIN = 450.0D0,
T_GASOUT = 850.0D0,
MF_HE = 118.0D0,
PEBRADIUS = 3.0D-2,
PFZRADIUS = 2.5D-2,
NPEBBLE = 360000,
NPARTICLE = 11000,
DT = 1.728D5,
OUTTIME = 1.728D5,
EOLBUP = 0.79D0,
EOLFLU = 3.8DO0,
SHUFFLE = 10,
FUELTYPE = 'UCO),
CURAT = 0.36D0,
OURAT = 1.51D0,
U235ENR = 93.15D0,
U235VAR = 0.01DO0,
KERND = 10.52D0,
KERNDVAR = 0.01DO0,
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KERNT = 11.03D0,
KERNDIA = 200.0D0,
KERNVAR = 5.2D0,
BUFFD = 0.9577D0,
BUFFDVAR = 0.05D0,
BUFFT = 2.25D0,
BUFFTHK = 102.0DO0,
BUFFVAR = 10.2D0,
IPYCBAFOI = 1.05788D0,
IPYCBAFVAR = 0.00543D0,
IPYCCRATE = 1.5D0,
IPYCLC =29.98D0,
IPYCD = 1.923D0,
IPYCF = 24.0D0,
IPYCM =9.5D0,
IPYCTHK = 53.0D0,
IPYCVAR = 3.68D0,
OPYCBAFOI = 1.05154D0,
OPYCBAFVAR = 0.00622D0,
OPYCCRATE = 3.0D0,
OPYCLC =29.98D0,
OPYCD = 1.855D0,
OPYCF = 20.0D0,
OPYCM = 9.5D0,
OPYCTHK = 39.0D0,
OPYCVAR =4.01D0,
SICTHK = 35.0D0,
SICVAR = 3.12D0,
SICF =9.0D0,
SICKICO = 3500.0D0,
SICKVAR = 530.7227776,
SICM = 6.0D0,
PAMB = 0.10D0,
TITLE = 'Capsule NPR2-A4 specifications MC sampling’,
OSPEC ='NPR2_A4s',
DEBUG = .TRUE,,
ISEED = 30285171,
NBURP = 10000,
NCASES = 1000000,
NOMINAL = .FALSE.,
DIFFUSION = .FALSE.,
HISTOGRAM = .TRUE,,
RUNIRR ="'FAILURE,
USERSEED = FALSE,,
$END
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C.4.3.Input File for Pebble Bed Power Distribution

‘pdistr.dat’

BATCH VOLUME CONV RATIO POWER
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(cm’)
150038.
150038.
150038.
150038.
150038.
150020.
1.00000
150038.
150038.
150038.
150038.
150038.
150020.
1.00000
150038.
150038.
150038.
150038.
150038.
150020.
1.00000
150038.
150038.
150038.
150038.
150038.
150020.
1.00000
150038.
150038.
150038.
150038.
150038.
150020.
1.00000
150038.
150038.
150038.
150038.
150038.

0.151162
0.221972
0.285530
0.346953
0.403075
0.455331
1.94230
0.198445
0.237766
0.303120
0.366442
0.424746
0.479397
2.34851
0.227188
0.266280
0.332928
0.397275
0.456473
0.511827
2.29009
0.239633
0.284463
0.353030
0.418931
0.479918
0.537255
2.02092
0.259572
0.308606
0.377998
0.444034
0.504990
0.562100
1.78591
0.268631
0.323689
0.394242
0.460908
0.522682

(Batch/Avg.)
0.672659
0.619413
0.541503
0.471931
0.413497
0.365060

0.452071E-04

1.31505
1.20622
1.05352
0.917780
0.803866
0.709493
0.939720E-04
1.90059
1.75503
1.54173
1.34993
1.18800
1.05340
0.153465E-03
2.42080
2.21651
1.94449
1.70229
1.49817
1.32868
0.225467E-03
2.64021
2.41909
2.13087
1.87341
1.65567
1.47454
0.291619E-03
2.74052
2.48810
2.18874
1.92439
1.70140
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BURNUP
(MWD/T)
239.580
17546.3
33263.5
47140.6
59406.7
70330.5
20.5760
948.250
18199.2
33836.]
47641.2
59847.1
70720.4
83.8685
2094.74
19257.3
34765.3
48454.7
60563.2
71355.1
196.451
3635.84
20675.5
36011.7
495472
61526.0
72209.7
369.688
5440.19
22329.7
37467.2
50825.4
62654.6
73213.6
606.861
7358.92
24080.3
39008.7
52181.7
63854.7

FASTDOSE
(1n/em?)
0.434750E+19
0.385081E+21
0.766169E+21
0.114755E+22
0.152946E+22
0.191236E+22

0.434750E+19
0.176820E+20
0.398442E+21
0.779569E+21
0.116099E+22
0.154293E+22
0.192584E+22
0.176820E+20
0.400510E+20
0.420838E+21
0.801998E+21
0.118344E+22
0.156541E+22
0.194832E+22
0.400510E+20
0.704222E+20
0.451234E+21
0.832418E+21
0.121389E+22
0.159588E+22
0.197877E+22
0.704222E+20
0.106362E+21
0.487196E+21
0.868396E+21
0.124988E+22
0.163189E+22
0.201476E+22
0.106362E+21
0.144857E+21
0.525709E+21
0.906916E+21
0.128841E+22
0.167043E+22



C.4.4. Input File for NPR1-A5 Irradiation History

Time

(Days)

0
1.550406693
4.312607496
7.077159775
9.535236312
11.68605328
14.14804895
15.68199531
17.52398506
18.75615863
20.48
33.56800
34.37936703
35.90782661
37.140784
39.29081715
39.8967142
41.43066056
42.6495091
45.10445034
46.02074226
47.86194819
49.70315411
52.1565277
53.81500
63.96400
66.86971478
69.02131557
69.93603985
72.70137595
74.22983553
75.45730615
77.2930253
80.05444227
82.81821073
85.80900
96.61800
98.13651104
98.73613749
101.1949979

EFPD
(Days)
0.00000
1.55041
431261
7.07716
9.53524
11.68605
14.14805
15.68200
17.52399
18.75616
20.44800
20.44800
21.25937
22.78783
24.02078
26.17082
26.77671
28.31066
29.52951
31.98445
32.90074
34.74195
36.58315
39.03653
40.69500
40.69500
43.60071
45.75232
46.66704
49.43238
50.96084
52.18831
54.02403
56.78544
59.54921
62.54000
62.54000
64.05851
64.65814
67.11700

‘irrhis NPR1AS.dat’

Irradiation T
°O)
1128.389709
1152.995557
1142.862262
1126.590942
1110.308872
1096.062061
1069.54995
1065.511681
1057.392146
1041.067078
1026.798767
982.2488175
1060.029382
1070.313172
1051.942095
1039.741293
1058.176867
1054.138598
1072.595671
1064.497635
1072.713917
1066.64039
1060.566863
1056.560843
1060.706607
1056.980077
1050.938799
1034.64598
1046.954278
1028.63695
1038.92074
1034.871721
1043.120252
1035.032965
1020.807654
1004.547083
1021.291386
1035.667192
1070.470833
1052.142755
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Fluence
(10*' n/em?)
0.00000
0.00541
0.01504
0.02468
0.03325
0.04075
0.04933
0.05468
0.06111
0.06540
0.07141
0.07141
0.07424
0.07958
0.08388
0.09138
0.09349
0.09884
0.10309
0.11166
0.11485
0.12128
0.12770
0.13626
0.14204
0.14204
0.15128
0.15811
0.16102
0.16981
0.17467
0.17857
0.18440
0.19318
0.20196
0.21147
0.21147
0.26081
0.28030
0.36020

Burnup
(WFIMA)
0.00000
1.80477
5.02014
8.23826
11.09961
13.60330
16.46921
18.25482
20.39901
21.83334
23.84000
23.84000
24.51492
25.78633
26.81194
28.60039
29.10439
30.38037
31.39424
33.43633
34.19853
35.73009
37.26166
39.30244
40.68200
40.68200
42.21793
43.35524
43.83875
45.30047
46.10840
46.75722
47.72756
49.18721
50.64811
52.22900
52.22900
53.25657
53.66234
55.32625



C.4.5.Output File for NPRI-AS Particles — 1,000,000 Cases

‘NPR1_AS8s.out’
05/05/03  13:22:19

HAHHE I # H#HH
# HEBH A #H O#
# H##E H# #
# # H## # #
## O H#H#E H#H H#
# # #4# # #
HHEH  # I HH

I 3 Ik Ik I Ik

Monte Carlo calculation of failures in a statistical sample of TRISO-coated fuel particles
for the High Temperature Gas-cooled Reactors (HTGRs).

THE MIT FUEL PERFORMANCE MODEL FOR HTGR --v 1.0

&INPUT
BUFFD = 0.957700000000000 ,
BUFFDVAR = 5.000000000000000E-002,

BUFFT = 2.25000000000000
BUFFTHK = 102.000000000000
BUFFVAR = 10.2000000000000
CORE_HEIGHT = 10.0000000000000
CORE_RADIUS = 1.75000000000000
CURAT = 0.360000000000000 ,
DEBUG =T,

DT = 172800.000000000 ,

EOLBUP = 0.740000000000000 ,
EOLFLU = 2.40000000000000

IPYCBAFOI = 1.05788000000000 ,
[IPYCBAFVAR = 5.430000000000000E-003,
IPYCCRATE = 1.50000000000000

IPYCD = 1.92300000000000
IPYCF = 24.0000000000000 ,
IPYCLC = 29.9800000000000
IPYCM = 9.50000000000000
IPYCTHK = 53.0000000000000 ,
IPYCVAR = 3.68000000000000 ,
IRRTIME = 170.000000000000 ,
ISEED = 1981137,

KERND = 10.5200000000000
KERNDIA = 200.000000000000
KERNDVAR = 1.000000000000000E-002,
KERNT = 11.0300000000000
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KERNVAR = 5.20000000000000 ,
MF HE = 118.000000000000

NBURP = 10000,

NCASES = 1000000,

NOMINAL =F,

NPEBBLE = 360000,

NPARTICLE = 11000,

QPPP_AVG = 3651860.00000000 ,
OPYCBAFOI = 1.05154000000000
OPYCBAFVAR = 6.220000000000000E-003,
OPYCCRATE = 3.00000000000000

2

OPYCD = 1.85500000000000 |,

OPYCE = 20.0000000000000

OPYCLC = 29.9800000000000
OPYCM = 9.50000000000000

OPYCTHK = 39.0000000000000
OPYCVAR = 4.01000000000000
OSPEC =NPR1 ASs,

OURAT = 1.51000000000000
OUTTIME = 172800.000000000
P_CORE = 250.000000000000 |,
PAMB = 0.100000000000000 |,

?

2

PEBRADIUS = 3.000000000000000E-002,
PFZRADIUS = 2.500000000000000E-002,
RUNIRR = FAILURE ,

SHUFFLE = 10,

SICF = 9.00000000000000
SICKICO0 = 3500.00000000000
SICKVAR = 530.722777600000
SICM = 6.00000000000000 ,
SICTHK = 35.0000000000000 ,
SICVAR = 3.12000000000000 ,
T_GASIN = 450.000000000000 ,
T_GASOUT = 850.000000000000

T_IRR = 845.000000000000

TITLE = Compact NPR1_A8 specifications MC sampling
U235ENR = 93.1500000000000

U235VAR = 1.000000000000000E-002,

USERSEED =F,

FUELTYPE =UCO,

DIFFUSION  =F,

HISTOGRAM =T,

PSWITCH = 2,

3

Initial Random Number SEED = 1981137
The number of divisions for stress distributions: 15
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The calculation starts at: 05/05/03 13:22:19
Start of Sampling: 1000000 Cases

Elapsed Particle SiC IPyC OPyC
Cases Time  TFailures Failures Failures Failures
Completed (sec) (Irrad) (Irrad)  (Irrad) (Trrad)

10000 908. 325 325 6057 569
20000 18l1e6. 646 646 12129 1146
30000 2725. 937 937 18116 1694
40000 3637. 1204 1204 24034 2186
50000 454e6. 1507 1507 30039 2725
60000 5454. 1804 1804 36076 3285
70000 6361. 2107 2107 42124 3837
80000 7269. 2430 2430 48085 4438
90000 8178. 2745 2745 54044 5004
100000 9085. 3071 3071 60088 5582
900000 81749. 27134 27134 542388 50163
910000 82656. 27466 27466 548406 50758
920000 83565. 27748 27748 554445 51284
930000 84474. 28045 28045 560451 51853
940000 85381. 28360 28360 566500 52422
950000 86292. 28662 28662 572398 52953
960000 87200. 28980 28980 578410 53540
970000 88108. 29263 29263 584465 54097
980000 89016. 29558 29558 590522 54650
990000 89925. 29843 29843 596587 55170
1000000 90832. 30127 30127 602726 55705

Elapsed calculation time: 25 hours 13 minutes and 52 seconds

Statistical Report

Average number of particles per second = 11.0093359168575

Sample maximum tangential stress in IPyC  0.3146E+03 +/- 0.3137E+02
Sample maximum tangential stress in SiC ~ 0.2894E+01 +/- 0.1472E+02
Sample maximum tangential stress in OPyC 0.2231E+03 +/- 0.1167E+02
Sample minimum tangential stress in IPyC -0.8647E-01 +/- 0.3011E+00
Sample minimum tangential stress in SiC  -0.6336E+03 +/- 0.8990E+02
Sample minimum tangential stress in OPyC -0.8820E-01 +/- 0.1927E-02
Sample EOL tangential stress in IPyC ~ 0.1688E+03 +/- 0.5664E+02
Sample EOL tangential stress in SiC -0.2758E+03 +/- 0.1996E+03
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Sample EOL tangential stress in OPyC 0.1397E+03 +/- 0.6727E+01

Number of failed particles: 30127
Number of particle with SiC crack: 30127
Number of particle with IPyC crack: 602726
Number of particle with OPyC crack: 55705
Particle failure probability: 0.3013E-01 +/- 0.1703E-02
SiC layer failure probability: 0.3013E-01 +/- 0.1703E-02
IPyC layer failure probability: 0.6027E+00 +/- 0.4773E-02
OPyC layer failure probability: 0.5570E-01 +/- 0.2239E-02
Fracture induced by IPyC cracking; 30127
Overpressure rupture: 0
Chemical failure - Ag diffusion: 0
Dumped particles exceeding EOL burnup 0

End of Statistical Report

The calculation ends at: 05/06/03 14:36:11

C.4.6. Output Debug File for NPR1-A8 Particles — 1,000,000 Cases

‘NPR1_AS8s.dbg’
REACTOR PARAMETERS:
&REACTOR
CORE_HEIGHT = 10.0000000000000
CORE_RADIUS = 1.75000000000000 |
P_CORE = 250.000000000000 |
T_IRR = 845.000000000000 |
T_GASIN = 450.000000000000 |
T GASOUT = 850.000000000000 |
MF HE = 118.000000000000 |
PACKING = 0.000000000000000E-+000,
NPEBBLE = 360000,
EOLBUP = 0.740000000000000 |
EOLFLU = 2.40000000000000 |
QPPP_AVG = 3651860.00000000
DT = 172800.000000000
OUTTIME = 172800.000000000 |
OPERTIME = 26634873.6000000
IRRTIME = 170.287000000000
/

>

>

>

FUEL PEBBLE PARAMETERS:
&PEBBLES
PEBRADIUS = 3.000000000000000E-002,
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PFZRADIUS = 2.500000000000000E-002,
K PM = 0.000000000000000E+000,
K_PFM = 0.000000000000000E+000,

K _PFZ = 0.000000000000000E+000,
NPARTICLE = 11000,

/

FUEL PARTICLE PROPERTIES AND STATISTICS:
&PARTI

R1 = 99.9682539245634

R2 = 215.401535440268 ,

R3 = 273.101208068349
R4 = 304.953006394871
R5 = 344.616897578707

PRESS = 16.5058784668681

BURNUP = 0.729754500000000 ,
FLUENCE = 2.324170000000000E+021,
IPYCALPHA = 5.980141000000000E-006,
IPYCBAFI = 1.06467834079086
IPYCD = 1.92300000000000
IPYCE = 45707.7275996672 ,
IPYCNU = 0.330000000000000
IPYCCNU = 0.400000000000000

y

[PYCREEP = 1.001300623439216E-004,
OPYCALPHA = 5.696785000000001E-006,
OPYCBAFI = 1.06446847302092

El

OPYCD = 1.85500000000000

OPYCE = 44703.0676176537
OPYCNU = 0.330000000000000
OPYCCNU = 0.400000000000000 ,
OPYCREEP = 1.172735459248838E-004,
SICALPHA = 4.900000000000000E-006,
SICE = 377609.221090229

SICNU = 0.130000000000000
SIGFIPYC = 349.806308076458
SIGFOPYC = 319.345110724864 ,
SIGFSIC = 482.650744136976
KICSIC = 3356.51582233004
KIIPYC = 11734.3281469804 |,
KIOPYC = 0.000000000000000E+000,
CL = 15.0000000000000
SIGTIPYC = 118.576548433318
SIGTSIC = -165.779013337648 ,
SIGTOPYC = 140.292280898784
SIGXIPYC = 333.046750576709
SIGXSIC = -0.406581980866324

3

2

b4
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SIGXOPYC = 226.994315584270 ,

SIGMIPYC =-6.825852423310885E-002,
SIGMSIC = -780.954913930043
SIGMOPYC =-9.099448267402202E-002,
SIGLIPYC = 118.576548433318 ,
SIGLSIC = -165.779013337648

SIGLOPYC = 140.292280898784
SIGFCIPYC = 309.989640693704
SIGFCSIC = 482.650744136976
SIGFCOPYC = 280.838343861978
IPYCFAIL = 602726,

OPYCFAIL = 55705,

SICFAIL = 30127,
PARFAIL= 30127,
/

CONTROL VARIABLES FOR HISTOGRAMS:
TIMELIMIT = 86400000.0000000

EOL FLUENCE = 2.40000000000000

EOL BURNUP = 0.740000000000000

STRESS UPPER LIMIT = 1000.00000000000
STRESS LOWER LIMIT = -1000.00000000000
HISTOGRAM INTEVALS = 200

End of debug file.

C.4.7. Output Irradiation History in MPBR2 for LEU-TRISO Particles

‘out_core.dat’

Time Fluence QPpPPP Burnup Coolant T
(day) (10E21nvt) (W/m"3) (FIMA) (°C)
8.400 0.010 0.26266E+07 0.0002 509.048
16.800 0.031 0.51885E+07 0.0009 526.868
25.200 0.064 0.77615E+07 0.0019 553.853
33.600 0.106 0.10039E+08 0.0034 588.582
42.000 0.153 0.11056E+08 0.0052 627.144
50.400 0.201 0.11517E+08 0.0070 667.100
58.800 0.248 0.10956E+08 0.0089 705.274
67.200 0.291 0.10166E+08 0.0106 740.569
75.600 0.329 0.89163E+07 0.0122 771.624
84.000 0.362 0.77690E+07 0.0136 798.632
92.400 0.390 0.65815E+07 0.0148 821.540
100.800 0.414 0.55592E+07 0.0158 840.871
109.200 0.434 0.46208E+07 0.0166 856.953
117.600 0.450 0.38159E+07 0.0173 870.227
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126.000
134.400
142.800
151.200
168.000
176.400
184.800
193.200
201.600
210.000
218.400
226.800
235.200
243.600
252.000
260.400
268.800
277.200
285.600
294.000
302.400
310.800
327.600
336.000
344.400
352.800
361.200
369.600
378.000
386.400
394.800
403.200
411.600
420.000
428.400
436.800
445.200
453.600
462.000
470.400
487.200
495.600
504.000
512.400
520.800
529.200

0.463
0.474
0.482
0.487
0.497
0.518
0.551
0.592
0.639
0.688
0.735
0.778
0.816
0.849
0.877
0.901
0.920
0.937
0.950
0.961
0.969
0.973
0.983
1.005
1.037
1.079
1.126
1.174
1.221
1.264
1.302
1.335
1.364
1.387
1.407
1.423
1.437
1.447
1.455
1.460
1.470
1.491
1.522
1.561
1.605
1.651

0.30858E+07
0.24134E+07
0.18011E+07
0.12540E+07
0.24121E+07
0.47494E+07
0.71526E+07
0.91906E+07
0.10143E+08
0.10487E+08
0.99707E+07
0.92007E+07
0.80655E+07
0.70040E+07
0.59280E+07
0.49974E+07
0.41517E+07
0.34246E+07
0.27684E+07
0.21634E+07
0.16140E+07
0.11246E+07
0.21057E+07
0.41434E+07
0.62749E+07
0.80586E+07
0.89362E+07
0.92352E+07
0.88080E+07
0.81268E+07
0.71408E+07
0.62014E+07
0.52549E+07
0.44305E+07
0.36837E+07
0.30388E+07
0.24577E+07
0.19206E+07
0.14331E+07
0.99938E+06
0.22544E+07
0.43841E+07
0.64485E+07
0.81317E+07
0.89491E+07
0.91926E+07
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0.0179
0.0183
0.0187
0.0190
0.0194
0.0200
0.0210
0.0223
0.0239
0.0256
0.0273
0.0289
0.0304
0.0316
0.0327
0.0336
0.0343
0.0350
0.0355
0.0359
0.0362
0.0364
0.0368
0.0373
0.0382
0.0394
0.0408
0.0423
0.0438
0.0452
0.0465
0.0476
0.0485
0.0493
0.0500
0.0506
0.0510
0.0514
0.0517
0.0519
0.0519
0.0524
0.0533
0.0545
0.0560
0.0575

880.967
889.363
895.630
900.000
509.048
526.868
553.853
588.582
627.144
667.100
705.274
740.569
771.624
798.632
821.540
840.871
856.953
870.227
880.967
889.363
895.630
900.000
509.048
526.868
553.853
588.582
627.144
667.100
705.274
740.569
771.624
798.632
821.540
840.871
856.953
870.227
880.967
889.363
895.630
900.000
509.552
528.155
555.376
589.790
627.558
666.459



537.600
546.000
554.400
562.800
571.200
579.600
588.000
596.400
604.800
613.200
621.600
630.000
638.400
646.800
663.600
672.000
680.400
688.800
697.200
705.600
714.000
722.400
730.800
739.200
747.600
756.000
764.400
772.800
781.200
789.600
798.000
806.400
823.200
831.600
840.000
848.400
856.800
865.200
873.600
882.000
890.400
898.800
907.200
915.600
924.000
932.400

1.694
1.734
1.770
1.801
1.827
1.849
1.868
1.883
1.896
1.906
1.914
1.920
1.925
1.928
1.938
1.958
1.990
2.031
2.078
2.126
2.173
2.216
2.254
2.287
2.315
2.339
2.359
2.375
2.389
2.399
2.407
2412
2.422
2.442
2474
2.513
2.557
2.602
2.646
2.686
2.722
2.753
2.779
2.801
2.820
2.835

0.87601E+07
0.80546E+07
0.70631E+07
0.61147E+07
0.51754E+07
0.43559E+07
0.36160E+07
0.29794E+07
0.24218E+07
0.19569E+07
0.15837E+07
0.12292E+07
0.10536E+07
0.78038E+06
0.14551E+07
0.28826E+07
0.45215E+07
0.58822E+07
0.66278E+07
0.68848E+07
0.66276E+07
0.61393E+07
0.54375E+07
0.47396E+07
0.40369E+07
0.34128E+07
0.28451E+07
0.23546E+07
0.19163E+07
0.15241E+07
0.11527E+07
0.77396E+06
0.17439E+07
0.33892E+07
0.50320E+07
0.63470E+07
0.70437E+07
0.72428E+07
0.69448E+07
0.63946E+07
0.56339E+07
0.48839E+07
0.41446E+07
0.34919E+07
0.29038E+07
0.23942E+07
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0.0590
0.0603
0.0616
0.0627
0.0636
0.0644
0.0651
0.0656
0.0661
0.0664
0.0667
0.0670
0.0672
0.0673
0.0682
0.0686
0.0692
0.0700
0.0711
0.0722
0.0733
0.0744
0.0753
0.0762
0.0769
0.0775
0.0781
0.0785
0.0789
0.0792
0.0794
0.0796
0.0796
0.0800
0.0807
0.0817
0.0828
0.0839
0.0851
0.0862
0.0872
0.0881
0.0889
0.0895
0.0900
0.0905

703.490
737.603
767.494
793.399
815.321
833.781
849.104
861.734
871.999
880.295
887.010
892.223
896.691
900.000
508.583
525.604
552.038
586.450
624.898
664.853
703.092
738.510
769.744
796.959
820.087
839.631
855.901
869.362
880.307
889.010
895.589
900.000
509.552
528.155
555.376
589.790
627.558
666.459
703.490
737.603
767.494
793.399
815.321
833.781
849.104
861.734



040.800
949.200
957.600
966.000
974.400
982.800

2.847
2.857
2.865
2.872
2.876
2.879

0.19482E+07 0.0909
0.15750E+07 0.0912
0.12750E+07 0.0914
0.98984E+06 0.0916
0.84856E+06 0.0918
0.62884E+06 0.0919

871.999
880.295
887.010
892.223
896.691
900.000

C.4.8. Output Tangential Stresses in a LEU-TRISO Particle in MPBR2

Fluence

R2

(10E21nvt)  (um)

0.010
0.031
0.064
0.106
0.153
0.201
0.248
0.291
0.329
0.362
0.390
0.414
0.434
0.450
0.463
0.474
0.482
0.487
0.497
0.518
0.551
0.592
0.639
0.688
0.735
0.778
0.816
0.849
0.877
0.901
0.920

342.500

8.337
25.870
52.196
83.989

115.370
141.408
161.308
175412
188.646
199.692
209.587
217.739
224.905
230.943
236.372
241.425
246.086
249.965
253.367
260.801
270.430
277.299
278.584
274133
269.749
265.791
265.621
266.171
268.460
270.710
273.418

363.000

8.041
24.901
50.113
80421

110.215
134.871
153.732
167.154
179.829
190.468
200.031
207.937
214.895
220.763
226.036
230.934
235.443
239.182
242.549
249.804
259.249
266.137
267.739
263.875
260.087
256.689
256.903
257.763
260.250
262.653
265.456

‘out_sigt.dat’

R3

(um)
383.500

7.819
24.170
48.524
77.670

106.208
129.765
147.800
160.688
172.933
183.266
192.586
200.315
207.125
212.874
218.035
222.823
227221
230.856
234.205
241.342
250.678
257.627
259.527
256.171
252.898
249.983
250.543
251.684
254.363
256.915
259.818

401.500

-16.584

-49.703

-98.734
-156.801
-212.881
-258.417
-293.070
-317.779
-341.027
-360.440
-378.114
-392.774
-405.783
-416.799
-426.781
-436.151
-444.861
-452.173
-461.910
-476.045
-494.486
-507.780
-510.489
-502.112
-493.830
~486.315
-486.125
-487.302
-491.834
-496.262
-501.559

287

R4

(pm)
419.500

6.514
20.183
40.374
64.167
86.992

105.455
119.629
129.938
139.440
147.293
154.455
160.396
165.671
170.139
174.188
177.989
181.524
184.512
186.921
192.619
199.913
204.847
205.344
201.529
198.111
195.267
195.467
196.233
198.299
200.286
202.57

439.500

6.291
19.466
38.851
61.591
83.317

100.844
114.316
124.161
133.300
140.901
147.858
153.649
158.797
163.160
167.110
170.810
174.242
177.130
179.499
185.085
192.278
197.281
198.078
194.760
191.831
189.437
189.948
190.965
193.198
195.314
197.685

RS

(nm)
459.500

6.116
18.896
37.629
59.508
80.324
97.073

109.962
119.425
128.273
135.677
142.477
148.157
153.210
157.497
161.374
164.998
168.350
171.159
173.503
179.013
186.147
191.237
192.315
189.440
186.945
184.951
185.748
186.998
189.393
191.636
194.095



0.937
0.950
0.961
0.969
0.973
0.983
1.005
1.037
1.079
1.126
1.174
1.221
1.264
1.302
1.335
1.364
1.387
1.407
1.423
1.437
1.447
1.455
1.460
1.470
1.491
1.522
1.561
1.605
1.651
1.694
1.734
1.770
1.801
1.827
1.849
1.868
1.883
1.896
1.906
1.914
1.920
1.925
1.928
1.938
1.958
1.990

276.032
278.990
282.466
286.303
290.311
291.547
295.006
298.985
299.363
294.050
283.694
273.738
265.051
260.411
257.258
256.224
255.730
256.056
256.700
257.956
259.966
262.554
265.600
265.797
267.540
268.944
266.735
259.755
249.083
239.265
231.203
226.884
224,076
223.058
222.580
222.822
223.338
224.203
225.070
225.744
226.951
226.683
228.042
227.534
228.428
229.567

268.132
271.111
274.568
278.353
282.276
283.528
286.836
290.717
291.243
286.400
276.765
267.564
259.574
255.474
252.752
252.034
251.781
252.282
253.053
254.394
256.453
259.060
262.093
262.312
263.837
265.086
262.941
256.299
246.157
236.914
229.378
225.488
223.017
222255
221.971
222.358
222983
223.928
224.857
225.577
226.819
226.574
227.949
227.490
228.102
228.939

262.565
265.579
269.037
272.796
276.664
277.932
281.130
284.955
285.627
281.190
272.156
263.584
256.172
252.533
250.180
249.738
249.698
250.357
251.246
252.670
254.783
257.421
260.458
260.689
262.038
263.167
261.083
254720
245.005
236.228
229.121
225.589
223.403
222.863
222748
223.266
223.990
225.012
225.998
226.763
228.044
227.817
229214
228.785
229.157
229.742

-506.655
-512.414
-519.188
-526.674
-534.490
-543.551
-550.667
-559.556
-562.451
-554.804
-536.860
-518.838
-502.505
-493.750
-487.648
-485.653
-484.637
-485.236
-486.454
-488.927
-492.968
-498.223
-504.447
-514.322
-517.797
-521.537
-519.272
-507.976
-488.470
-469.499
-453.096
-443.979
-437.729
-435.182
-433.737
-433.864
-434.617
-436.177
-437.793
-439.026
-441.482
-440.718
-443.600
-454.933
-456.676
-459.319

288

204.739
207.130
209.884
212.889
215.999
216.470
219.008
221.964
222.145
218.050
210.346
203.332
197.495
194.809
193.172
193.035
193.182
193.845
194.658
195.865
197.592
199.714
202.131
201.532
202.597
203.440
201.568
196.223
188.367
181.569
176.299
173.933
172.603
172.510
172.688
173.304
174.036
174.960
175.828
176.501
177.557
177.424
178.540
177.161
177.373
177.758

199.912
202.330
205.081
208.058
211.112
211.557
213.999
216.907
217.229
213.515
206.369
199.929
194.612
192.331
191.016
191.118
191.449
192.248
193.161
194.439
196.210
198.354
200.769
200.124
201.044
201.791
199.988
194.910
187.454
181.080
176.195
174.143
173.061
173.159
173.483
174.211
175.027
176.016
176.933
177.644
178.731
178.615
179.747
178.321
178.335
178.511

196.385
198.839
201.599
204.563
207.579
208.004
210.374
213.257
213.717
210.342
203.681
197.736
192.871
190.948
189.920
190.239
190.738
191.663
192.672
194.018
195.837
198.010
200.435
199.749
200.544
201.215
199.476
194.629
187.510
181.497
176.939
175.161
174.297
174.567
175.024
175.855
176.751
177.802
178.767
179.515
180.635
180.534
181.686
180.212
180.052
180.046



2.031
2.078
2.126
2.173
2216
2.254
2.287
2.315
2.339
2.359
2.375
2.389
2.399
2.407
2412
2.422
2.442
2474
2,513
2.557
2.602
2.646
2.686
2.722
2.753
2779
2.801
2.820
2.835
2.847
2.857
2.865
2.872
2.876
2.879

228.903
224.801
217.377
209.181
201.336
195.473
190.788
187.577
185.102
183.443
182.258
181.650
181.573
182.212
183.892
183.071
183.875
184.664
183.729
180.025
173.960
167.613
161.940
158.051
155.146
153.33]1
152.023
151.266
150.833
150.721
150.735
150.732
151.117
150.714
151.291

228.097
224.030
216.837
208.991
201.529
196.028
191.652
188.696
186.423
184.924
183.862
183.352
183.352
184.055
185.787
185.066
185.611
186.170
185.145
181.536
175.709
169.683
164.343
160.774
158.141
156.559
155.437
154.831
154.521
154.510
154.604
154.665
155.109
154.728
155.344

228.749
224.705
217.687
210.113
202.949
197.737
193.608
190.860
188.752
187.383
186.424
185.996
186.064
186.827
188.614
187.964
188.290
188.659
187.563
184.032
178.393
172.620
167.546
164.238
161.830
160.442
159.476
159.000
158.795
158.873
159.038
159.154
159.654
159.288
159.943

-459.000
-451.966
-437.404
-420.201
-402.810
-389.271
-378.082
-370.149
-363.887
-359.543
-356.348
-354.558
-354.073
-355.336
-359.130
-372.400
-373.559
-375.233
-374.056
-367.288
-354.712
-340.499
-326.945
-317.132
-309.443
-304.352
-300.514
-298.095
-296.548
-295.875
-295.579
-295.298
-296.041
-294.854
-296.179

289

176.842
173.485
167.897
162.126
156.885
153.284
150.534
148.816
147.533
146.760
146.248
146.095
146.282
146.964
148.387
146.644
146.868
147.145
146.240
143.425
139.090
134.876
131.370
129.301
127.906
127.24]
126.835
126.743
126.805
127.037
127.299
127.495
127.961
127.742
128.282

177.480
174.163
168.753
163.240
158.274
154.930
152.400
150.863
149.724
149.065
148.641
148.560
148.804
149.536
151.003
149.231
149.276
149.398
148.444
145.713
141.560
137.582
134.316
132.478
131.279
130.781
130.510
130.529
130.680
130.987
131.309
131.552
132.065
131.861
132.432

178.915
175.628
170.361
165.058
160.317
157.189
154.843
153.461
152.444
151.883
151.536
151.517
151.813
152.594
154.108
152.304
152.191
152.182
151.187
148.527
144.525
140.742
137.677
136.035
135.005
134.654
134.500
134.618
134.849
135.225
135.602
135.888
136.445
136.252
136.854
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