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DPC Direct Disposal Feasibility – 
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DPC Direct Disposal Feasibility – 
FY14 Technical Approach 
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R&D Needs Identified (1/4) 


 Waste Characteristics and Heat Generation 
1. Condition of SNF and canisters to allow storage and transport up to 100 years 


after discharge 
2. Capability to dispose of DPCs with higher thermal loading (up to 37 PWR/ 89 


BWR) and containing higher burnup (up to 60 GWd/MT) SNF 
3. Update database on existing DPC 


 DPC Disposal Concept Development 
4. Buffer/backfill performance 
5. Buffer temperature tolerance and thermal conductivity 
6. Heating of near-field host rock to higher temperatures 
7. Cavern-retrievable concept thermal analysis 
8. DPC underground disposal vault concept development and thermal analysis 
9. Impacts from cementitious materials in the repository on waste isolation 


 Thermal Analysis  
10. In-package temperature  
11. Loss of He charge  
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R&D Needs Identified (2/4) 


 Waste Package/DPC Chemical and Physical Environment After Breach 
12. In-package degradation model  
13. Specify disposal environments  


 Possible Overpack Materials and Compatibility with DPC Materials  
14. Survey of corrosion rate data for DPC materials and possible overpack materials 
15. Corrosion test planning 
16. Long-term corrosion performance testing 
17. Engineered barrier corrosion rate model development for PA 


 Analyses of Key FEPs and Performance Assessment for DPC Direct Disposal 
18. Performance assessment 
19. Brine migration in salt 
20. Potential for gas generation and importance to performance of DPC-based 


repositories 
21. Waste package vertical movement in salt 
22. Other FEPs potentially influenced by package size, heat output and quantity of waste 
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R&D Needs Identified (3/4) 


 Postclosure Criticality Analysis  
23. Mapping of inventory to disposal concepts based on potential for criticality 
24. Criticality probability and ocnsequence screening analysis approach 
25. Nuclear reactivity sensitivity analysis 
26. Criticality analysis using DPC licensing basis and flooded with chloride brine 
27. Neutronics model validation 
28. Criticality consequence modeling and implementation in PA 


 System Logistics 
29. Detailed logistical analysis 
30. DPC disposal cost estimates 


 Canister Fillers 
31. Initial feasibility study 


 Preclosure Operations and Safety 
32. Loading horizontal and vertical DPCs into disposal overpacks 
33. Preclosure safety assessment for direct disposal of DPCs 
34. Conveyance development for transport and underground emplacement 
35. Stability of underground excavations 


6 







Used 
Fuel  
Disposition  


R&D Needs Identified (4/4) 


 Decision Support 
36. DPC direct disposal decision platform 


 Closeout Phase 
Develop technology readiness information 
Information needs for site evaluaiton and selection (for DPC direct disposal) 
Comparative evaluation of DPC disposal in specific geologic settings 
Final report  
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DPC Direct Disposal Feasibility – 
FY15 Work Scope (Strawman 18Mar14) 
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TBM Excavation 


 TBM Types 
– Open beam 
– Single- or double-shield 
– Slurry-shield 
– Earth-pressure-balance 


 Projects completed 
– Niagara Tunnel #3 (shale, 10.4 km) 
– Chicago TARP (dolomite, 176 km) 
– Millcreek tunnels (shale, 13 km) 
– Euclid Creek Tunnel (shale, 5.5 m) 
– Chunnel (chalk, 50 km ×3) 
– Oahe Dam (shale, 14 km total) 
– San Juan-Chama tunnels (shale+, 


42.6 km total) 
– etc. 
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Available Lining Systems (1/3) 


 Pre-Fabricated 
Segmented Concrete 
Liners 


– Euclid Creek Tunnel 
– Channel Tunnel 
– Park River Tunnel 
– Oahe Dam tunnels 


 TBM Installation 
– Single-pass operation 
– Reinforced, high UCS   


(>70 MPa) 
– Backfilled or grouted 
– Control groundwater inflow 
– Corrosion resistance 


 >50 yr Service Life 
 Potentially Lowest Cost 
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Figures from www.amerontlock.com. 
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Available Lining Systems (2/3) 
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 Cast-in-Place Unreinforced 
Concrete 


– San Juan-Chama tunnels 
– Mill Creek tunnels >>> 
– Niagara Tunnel #3 
– Chicago TARP 


 Installation 
– Concrete pumped in  
– Embedded initial support (wire 


fabric, steel ribs, shotcrete, etc.) 


 >50-yr Service Life 
 Moderate Cost 
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Available Lining Systems (3/3) 
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 Yielding Supports 
– St. Martin La Porte Access Adit 


(up to 2,500 m deep, Lyon-Turin 
Base Tunnel) 


– Konrad Repository Access 
(1,000 m deep in Jura clays) >>> 


 ~50-yr Service Life 
 Most Expensive 


1. Initial excavation (e.g., road 
header) 


2. Initial support:  rock bolts + wire 
fabric + shotcrete (+ steel ribs) 


3. Deformation (months) 
4. (Re-excavate) 
5. Final support: (re-bolt) + 


shotcrete or cast-in-place 
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Major Tunnel Summary of Total Cost: 
Clay/Shale or Comparable Media 


14 


Project A Country Lithology Depth 
(m) 


Excavation 
Method Ground Support Diameter 


(m) 
Length 


(km) Cost Escalated 
Cost/meteB 


St. Martin La Porte 
access adit France Various (Carboniferous) <2,500 Drill/blast  road 


header 
Rock bolts+steel ribs+ 
shotcrete+deformable elements 6 to 9 2.3 NA NA 


Channel Tunnel France-
Britain Chalk ≤100 TBM Pre-fab. segmented concrete 


liner 5.3 to 8.3 50 (×3) $7B 
(1988) $100k 


SJCP Azotea Tunnel – 
New Mexico USA Mancos & Lewis Shales/ 


other sediments ≤488 TBM Rock bolts+steel ribs+ 
cast-in-place concrete liner 4.3 20.6 $17.1M 


(1989) $1,740 


SJCP Blanco Tunnel – 
New Mexico USA Lewis Shale ≤600 TBM Rock bolts+steel ribs+ 


cast-in-place concrete liner 3.1 13.9 $9.8M 
(1989) $1,480 


SJCP Oso Tunnel –    
New Mexico USA Shale/glacial debris ≤232 TBM Rock bolts+ 


cast-in-place concrete liner 3.1 8.1 $5.8M 
(1989) $1,500 


Phase 1 TARP – Chicago USA Niagara Dolomite <100 TBM Rock bolts+ 
cast-in-place concrete liner 10.8 176 $4B 


(2006) $29k 


Euclid Creek Storage 
Tunnel – Cleveland USA Chagrin Shale ~60 TBM Pre-fab. segmented reinforced 


concrete liner 8.2 5.5 $200M 
(2014) $36k 


Mill Creek Phase 2  – 
Cleveland USA Chagrin Shale 49 to 79 TBM Steel ribs+lagging+ 


cast-in-place concrete liner 6 4 $57M 
(1999) $22k 


Mill Creek Phase 3  – 
Cleveland USA Chagrin Shale 63 to 93 TBM Steel ribs+lagging+ 


cast-in-place concrete liner 6 4 $73M 
(2002) $26k 


Oahe Dam tunnels – 
South Dakota USA Pierre Shale ~100 TBM Pre-fab. segmented concrete 


liner 9 14 (total) NA NA 


Flathead Tunnel – 
Montana USA Quartzite/argillite ≤200 Drill/blast Steel ribs+lagging ~7 11.3 $37.9M 


(1969) $13k 


Niagara Tunnel #3 – 
Ontario Canada Queenston Shale ≤140 TBM Rock bolts+wire fabric+ 


shotcrete+cast-in-place concrete 14.4 10.4 $3.4B 
(1999) $500k 


Park River Tunnel – 
Connecticut USA Shale/sandstone 60 TBM Pre-fab. segmented concrete 


liner ~7 2.8 $23.3M 
(1978) $24k 


Plateau Creek Tunnels – 
Colorado USA Sandstone/shale/ 


siltstone ? TBM Rock bolts+wire fabric+shotcrete 3.3 4.1 $14.1M 
(2001) $5k 


Notes: A For sources see references in text of Section 3.  B Escalation factor 3% per year to 2014. 


Hardin, E. 2014. Review of Underground Construction Methods and Opening Stability for Repositories in Clay/Shale Media. FCRD-UFD-2014-000330 (in review).   
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Strain Rates for Large 
Deformations of Salt in Nature 


Environment Strain Rate (sec-1) Comments 
Salt Glaciers (surface) 


Direct measurement 1.1×10-11 to 1.9×10-9 Duration <1 yr 


Comparison to theoretical profile 
(exposed stock and namakier) 6.7×10-13 to 9.0×10-13 


Duration approx. 104 to 106 yr 
(Mesozoic diapirs reactivated by upper 
Cenozoic tectonism) 


Estimated from salt glacier 
morphology 2×10-13 to 2×10-8 


Duration approx. 104 to 106 yr 
(Mesozoic diapirs reactivated by upper 
Cenozoic tectonism) 


Salt Diapirs (subsurface) 


Closure of mined cavity 9×10-12 to 10-9 Duration 10 to 30 yr; up to 100°C; 
stress difference ~10 MPa 


Closure of solution mined cavity 5.8×10-13 From Benoit et al. (2009). 
Peak rate of borehole closure 3×10-8 Duration 90 days 


Long-term borehole closure 7.4×10-11 to 3.5×10-9 Duration ~2 yr; 100 to 160°C; stress 
difference 4.2 to 18.1 MPa 


Topographic mound 2×10-14 Duration ~11,000 yr 
Comparison to theoretical profile 
(stock and namakier) 8.4×10-13 Duration >106 yr 


Estimates from Stratigraphic Thickness Around Diapirs 
Overall mean 6.7×10-16 


Duration 30 to 56 Ma Overall range 1.1×10-16 to 1.1×10-15 


Fastest  mean 2.3×10-15 
Duration 1 to 13 Ma Fastest range 6.2×10-16 to 3.7×10-15 


Average growth for Zechstein domes 
(Germany) 2×10-15 Duration 35 to 130 Ma 


16 
Based on: Jackson and Talbot (1986) 


Waste package 
vertical movement  


(if significant) 
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Very Slow Salt Creep Tests 
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 Berest et al. (2005, 2012) low-stress, low strain-rate testing of salt cores 
– Performed underground in a salt mine; salt cores from Avery Island, others 
– Dead-loaded (~0.1 to 0.5 Mpa); unconfined; only a few tests possible 
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Munson-Dawson (strain rate 2×10-18 sec-1). The variability in velocity is 
associated with very small values on the order of 10-19 m/sec 


Modeling Low-Stress, Low Strain-
Rate Creep Tests of Berest et al. 
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 Axisymmetric FLAC 
model 


 Match Berest et al. 
observed strain rates 
– Viscoelastic model 


>>> effective viscosity 
 Compare with 


Munson-Dawson 
model 
– Very slow, insignificant 


strain rate (×10-6) 
 Simulate package 


vertical movement 
– 1.6×1016 Pa-sec) 


Viscoelastic (strain rate 2×10-12 sec-1, viscosity 1.6×1016 Pa-sec) 
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Viscoelastic simulation of package vertical movement, after 
approximately 103 years, showing vertical velocity of -20 m/106 yr (left) 


and a closeup of x-y shear stress (right). 


Modeling Low-Stress, Low Strain-
Rate Vertical Package Movement 
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Proposed Tests – Permian Salt 


20 
Task 6: Test Decommissioning


Task 1: Instrumentation and Test Bed 


Task 2: Sample Acquisition and Conditioning


Task 3: Ambient Unconfined Testing


Task 4: Confined Test Bed Development and Testing


Task 5: Ambient Confined and Unconfined Testing


FY15 FY16 FY17 FY18 FY19
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Vertical Package 
Movement in Clay 
Buffer/Backfill 
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Swiss (Nagra) reference 
concept: in-drift disposal 
of self-shielding 4-PWR 


packages in bentonite 
pellet backfill (initial dry 


density 1.3 Mg/m3) 
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Objectives 


 Provide summary of work on deep borehole disposal project 
since June, 2013 and for first part of FY14 


 Enhance coordination and collaboration with other participants 
in the UFD program, in particular regarding the deep borehole 
demonstration project beginning in FY15 


 Obtain input and suggestions from other UFD participants on 
potential future work in the deep borehole disposal 
demonstration project 


2 June 4, 2014 UFD Working Group Meeting UNLV 2014 
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Deep Borehole Disposal 
Participants 


 DOE Lead 
– Lam Xuan 


 SNL 
– Bill Arnold, Patrick Brady, Robert MacKinnon, Jack Tillman 


 MIT 
– Mike Driscoll and Ethan Bates 


 LLNL 
– Mark Sutton 


 University of Sheffield 
– Fergus Gibb and Karl Travis 


June 4, 2014 UFD Working Group Meeting UNLV 2014 3 
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Outline 


 Introduction 


 Demonstration Project Site Evaluation 


 Deep Borehole Disposal of Alternative Waste Forms 


 Borehole Seals Research 


 Review of RD&D Goals for Overlap with Enhanced 
Geothermal Energy Research 


 FY15 Planning: Initiation of Deep Borehole Demonstration 
Project 


4 June 4, 2014 UFD Working Group Meeting UNLV 2014 
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Introduction: Milestones 


 M2FT-14SN0817022 – Deep Borehole Disposal Research: 
Demonstration Site Selection Guidelines, Borehole Seals 
Design, and RD&D Needs 


– Level 2 Milestone Report 


– Delivered 10/25/2013 as Report # FCRD-USED-2013-000409 
(SAND2013-9490P) 


 M3FT-14SN0817021 – Geological Data Evaluation, Alternative 
Waste Forms, and Seals for Deep Borehole Disposal 
Demonstration 


– Level 3 Milestone Report 


– Due 09/05/2014 


 
5 June 4, 2014 UFD Working Group Meeting UNLV 2014 
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Introduction: FY14 Workscope 


 Evaluation of sub-regional geological information for the deep 
borehole disposal demonstration project site selection at 
several representative sites 


 Development of reference disposal designs for alternative 
waste forms (e.g., Cs-137 and Sr-90 capsules) 


 Borehole seals research and planning 


 Review of deep borehole RD&D goals and needs for overlap 
with enhanced geothermal energy research being conducted by 
DOE 


6 June 4, 2014 UFD Working Group Meeting UNLV 2014 
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Demonstration Site Evaluation 


 Several potential representative sub-regional areas were 
considered for research on demonstration site evaluation 


 Three representative areas were chosen, based on preliminary 
regional site selection analyses from FY14 and programmatic 
considerations: 


– Area in northeastern South Dakota 


– Texas panhandle area, including Pantex Plant Site 


– Savannah River Site area in South Carolina 


 Evaluations based on existing geological, hydrogeological, and 
geophysical data 


7 June 4, 2014 UFD Working Group Meeting UNLV 2014 
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Demonstration Site Evaluation 
Example: South Dakota 


 M 


8 June 4, 2014 UFD Working Group Meeting UNLV 2014 


from McCormick (2010) 
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Demonstration Site Evaluation 
Example: South Dakota 
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data from McCormick (2010) 
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Demonstration Site Evaluation 
Example: South Dakota 
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data from McCormick (2010) 
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Demonstration Site Evaluation 
Example: South Dakota 
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data from McCormick (2010)  
and Kucks and Hill (2002) 
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Demonstration Site Evaluation 
Example: South Dakota 
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data from McCormick (2010)  
and Kucks and Hill (2002) 
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Demonstration Site Evaluation 
Example: South Dakota 
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from Tomhave (1997)  
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Demonstration Site Evaluation 
Example: South Dakota 
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Demonstration Site Evaluation 
Example: South Dakota 
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from Schoon and McGregor (1974) 
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Demonstration Site Evaluation: 
Preliminary DOE Site Screening 
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 Depth to crystalline basement – less than 2 km to basement effectively required 
 Strategic petroleum reserve site – these sites were effectively eliminated 
 Distance to urban area – sites within 10 km of an urban area were effectively eliminated 
 Site area greater than 1 km2 – sites with ample area for drilling operations preferred 
 Distance to large topographic relief – distance of greater than 100 km to topographic slope 


of greater than 1º preferred to avoid deep groundwater circulation 
 Geothermal heat flux – less than 75 mW/m2 preferred 
 Seismic hazard – less than 2% probability within 50 years of peak ground acceleration 


greater than 0.16 g preferred. Also generally indicative of tectonic stability 
 Distance to Quaternary age volcanism – greater than 10 km distance preferred 
 Distance to Quaternary age faulting – greater than 10 km distance preferred 
 Crystalline basement structural complexity – lack of major shear zones or major tectonic 


features preferred 
 Density of petroleum drilling – low density of deep drilling preferred 
 Existing deep subsurface radioactive contamination – lack of existing radioactive 


contamination preferred 


 


DOE Site Screening Criteria 







Used 
Fuel  
Disposition  


Demonstration Site Evaluation: 
Preliminary DOE Site Screening 
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Demonstration Site Evaluation: 
Preliminary DOE Site Screening 
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High Ranking DOE Sites 
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Demonstration Site Evaluation: 
Preliminary DOE Site Screening 
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Representative Disqualified DOE Sites 







Used 
Fuel  
Disposition  


Alternative Waste Forms 


 A number of DOE owned alternative radioactive waste forms are 
under consideration for potential disposal in deep boreholes 


 Preliminary evaluations of deep borehole disposal for Cs-137 
and Sr-90 capsules from Hanford, and calcine waste from Idaho 
are being conducted 


 Deep borehole disposal of some of these waste forms 
potentially may be more easily and quickly accomplished than 
used nuclear fuel because of smaller-diameter borehole 
requirements, shorter half lives, lower radionuclide inventories, 
and regulatory considerations 


20 June 4, 2014 UFD Working Group Meeting UNLV 2014 
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Alternative Waste Forms–  
Cs-137 and Sr-90 Capsules 


 Cs-137 and Sr-90 capsules 
are high-activity, small-
volume waste forms, with 
high thermal output 


 Capsules are about 21 
inches in length and 2.6 
inches in diameter 


 About 2000 capsules had 
total activity of about 67 
million curies in 2002 


 Entire inventory can be 
disposed in a single deep 
borehole 


21 June 4, 2014 UFD Working Group Meeting UNLV 2014 
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Alternative Waste Forms –  
Cs-137 and Sr-90 Capsules 
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Depth, ft
1500


Depth, ft
4500


Depth, ft


9000


Depth, ft
15000


Depth, ft
0


Depth, ft
0


Interval 5


Interval 6


Interval 1


Interval 2


Interval 3


Interval 4


Interval Hole dia.,
 inches


Casing
dia., in.


Csg. Wt., 
lb/ft


Csg or liner
C=1, L=0


ROP
ft/hr


Bit Life
hours


Logging
yes=1, no=0


Dir. Drllg
yes=1, no=0


Interval 1 26 20 107 1 30 80 1 0
Interval 2 17.5 13.38 72 1 20 60 1 1
Interval 3 12.25 9.63 47 0 8 50 1 1
Interval 4 8.5 7 23 1 8 40 1 1
Interval 5
Interval 6


$60,000


$17,384,903


Daily Rental Rate for Rig


Total Well Cost
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Alternative Waste Forms –  
Cs-137 and Sr-90 Capsules 
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 Initial thermal output of 
capsules is relatively high 


 Thermal output declines rapidly 
because of short half lives (30.2 
years for Cs-137 and 28.8 years 
for Sr-90) 


 Cumulative heat released is 
small relative to used nuclear 
fuel 


 Cs capsules also contain 
significant quantities of Cs-135 
(half life 2.3 million years) which 
might impact long-term risk 







Used 
Fuel  
Disposition  


Alternative Waste Forms–  
Cs-137 and Sr-90 Capsules 
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Alternative Waste Forms–  
Cs-137 and Sr-90 Capsules 
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Alternative Waste Forms–  
Cs-137 and Sr-90 Capsules 
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from Karl Travis and Fergus Gibb 


 High resolution 3-D 
simulations of thermal 
conduction performed at the 
University of Sheffield 


 Results provide more 
accurate near-term 
temperature predictions in the 
engineered system of the 
deep borehole disposal 
system 
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Alternative Waste Forms–  
Cs-137 and Sr-90 Capsules 
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from Karl Travis and Fergus Gibb 
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FT-14LL081701 


Scope: Assist SNL in the evaluation and advancement of deep 
borehole disposal RD&D. Specifically, LLNL will support 
Tasks 2 and 3 defined in the Deep Borehole Planning 
Package for FY14 as follows: 


 
 DBH Task 2: Development of Reference Designs for Disposal 


of Alternative Waste Forms 
– LLNL scope includes evaluation of prior degradation mode studies for 


potential waste form/package materials.  


– Of particular interest are stainless steel canisters, CsCl and SrF2 waste 
forms. In addition, prior expertise on unique waste forms such as the 
Fissile Material Disposition Program (FMDP) will be utilized, where 
deep borehole disposal was also studied. 
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FT-14LL081701 


 DBH Task 3: Borehole Seals Research and Planning 
– LLNL scope in this task will include an initial assessment of the role of 


borehole liner corrosion forming lamellar corrosion products the the 
subsequent potential for fast path vertical thermal-hydrologic 
processes. The role of seals in limiting vertical TH processes will 
evaluated. 


 
 Information generated during work on Task 2 and Task 3 will 


be provided in a M4 deliverable report (M4FT-14LL0817019 due 
Aug 1st) 
– The report will be input to a SNL M3 deliverable. LLNL will also support 


SNL in the writing and review of their M3 deliverable if requested. 
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CsCl and SrF2 Capsules 


 CsCl 
– 1338 capsules = 3,612 kg total 


– 116 W per capsule (2010) 


– Inner barrier: 2.41 mm SS 316L 


– Outer barrier: 2.77 mm SS 316L 


– Center/surface temperature: 
450/200oC (1994), ~137oC (2014) 


 SrF2 
– 610 capsules = 1,647 kg total 


– 194 W per capsule (2010) 


– Inner barrier: 3.05 mm Hastelloy C-276 


– Outer barrier: 2.77 mm SS 316L 


– Center/surface temperature: 
860/430oC (1994), ~280oC (2014) 
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Capsule Properties and Degradation 


 Contents require corrosion 
resistance because of both 
contents and borehole 
conditions: 
– CsCl (SS-316L) 


– SrF2 (Hastelloy 276) 


Composition 
wt% 


C Fe Mn Mo Cr Ni Co P S Si W 


SS-316L 0.030 Bal 
(69) 


2.00 2.00 – 
3.00 


16.00 – 
18.00 


10.00 - 
14.00 


- 0.045 0.030 1.00 - 


C-276 0.02 4.0 – 
7.0 


1.0 15.0 – 
17.0 


14.5 – 
16.5 


Bal  
(57) 


2.5 0.030 0.03 0.08 3.0 – 
4.5 


Alloying 
Element 


Non-Ox. 
Acid 


Oxidizing 
Acid 


Alkali 


Fe Bad Good Acceptable 


Ni Acceptable Variable Excellent 


Cr Variable Excellent Acceptable 


Mo Excellent Bad Bad 


W Good Variable Acceptable 
Kolts et al. (1986) “Highly Alloyed Austenitic Materials for Corrosion Services” Corrosion Reviews 6(4) 279-326 


Society of Automotive Engineers (1986) “Metals and Alloys in the Unified Numbering System” 4th Ed.:Warrendale, PA 
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Intergranular Corrosion 


 Attack on (or adjacent to) the grain boundaries 
– A factor in stress-corrosion cracking 


– IGC can occur in austenitic stainless steels and carbon steel 


– At temperatures between 425oC and 815oC, chromium carbides 
precipitate at the grain boundaries, leading to depletion of passivating 
chromium metal in both the grain boundary and grain body  


• Note SrF2 capsule surface temperature in 1994 was 430oC 


 Exfoliation corrosion is a form of intergranular corrosion 
– The growth of corrosion products below the surface forces the upper-


most grains 


– Occurs in carbon steel (option for borehole drill casing) 


– May create vertical pathway in borehole casing or canister wall if 
materials are not chosen correctly 
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Borehole Materials 


 Reference design: 
– Carbon steel canisters 


– Drill casing as borehole liner: 
• Carbon steel or alloy 


 Examples of drill casing include (with elemental composition): 
Max composition C Mn Mo Cr Ni Cu P S Si 


Carbon Steels 
incl. J55, K55,  
N80, H40, P110 


- - - - - - 0.030 0.030 - 


L80 Alloy  
(HS res) 


0.430 1.900 - - 0.250 0.350 0.030 0.030 0.450 


T95 Alloy  
(HS SSC res) 


0.350 1.200 0.850 1.500 0.990 0.020 0.010 





		HLW Deep Borehole Disposal - Update

		FT-14LL081701

		FT-14LL081701

		CsCl and SrF2 Capsules

		Capsule Properties and Degradation

		Intergranular Corrosion

		Borehole Materials
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Motivation and objectives


Schematic structure of montmorillonite [1].


[1] Brockmann (2006). Practical report. Hochschule für Technik und 
Wirtschaft & Forschungszentrum Rossendorf, Dresden.


� The diffusion-accessible pore space or effective porosity, εeff, depends 
on the dry density, 
on the tracer 
properties and on 
the chemical 
composition of the 
background solution.


In this experiment: 
1.3, 1.6, 1.9 g/cm3


How is the U(VI) 
diffusion through 
bentonite influenced by 
the density?
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Motivation and objectives


Time / 
days


Density / 
g/cm3


Da / m2/s Kd / m3/kg Reference


62 2.0
3.4·10-12; 6.4·10-13;


2.7·10-13 0.093 [1]


48; 85 0.9 1.2 – 2.3·10-12 0.047 – 0.31 [2]


29-121 0.8 – 1.8 3.7·10-12 – 3.1·10-14 0.01 – 0.1 [3]


279 1.65 6·10-13 – 2.2·10-12 0.006 – 0.021 [4]


6 a 2.0 1.6·10-14 - [5]


[1] Torstenfelt et al. (1986). SKB Technical Report 86-14. SKB, 
Stockholm.


[2] Wang et al. (2005), Radiochim. Acta 93(5), 273.
[3] Idemitsu et al. (1996), Mater. Res. Soc. Symp. Proc. 412 (Sci. 


Basis Nucl. Waste Manage. 19), 683.
[4] Garcia-Gutierrez et al. (2004), Mater. Res. Soc. Symp. Proc. 


807 (Sci. Basis Nucl. Waste Manage. 27), 603.
[5] Ramebäck et al. (1998), Radiochim. Acta 82, 167.


Spent UO2


fuel !
Da … apparent diffusion coefficient; Kd … distribution coefficient


Do results obtained from 
“long-term” experiment 


differ from them of “short-
term” experiments?
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Description of the diffusion 
experiment


Component 1.3 g/cm3 1.6 g/cm3 1.9 g/cm3


Na / M 1.83E-01 2.07E-01 2.54E-01


K / M 2.70E-03 3.10E-03 3.70E-03


Mg / M 1.00E-02 1.20E-02 1.50E-02


Ca / M 9.20E-03 9.80E-03 1.20E-02


Sr / M 8.10E-05 8.60E-05 1.10E-04


Cl / M 1.81E-02 6.18E-02 1.70E-01


SO4 / M 1.02E-01 9.50E-02 7.10E-02


Cinorg / M 8.90E-04 8.00E-04 5.50E-04


F / M 2.20E-04 2.20E-04 1.90E-04


Si / M 1.80E-04 1.80E-04 1.80E-04


[1] Van Loon et al. (2005). NF-Pro Progress Report January 2004 – June 2005, Paul Scherrer Institut, Villigen.


� Ca2UO2(CO3)3(aq) is the 
dominant diffusing species 
(70-85%).


� Solid:


– MX-80 bentonite (Wyoming)
– Natural U: 13 ppm


� Background electrolyte:


– Model pore water [1], pH 8, 
I = 0.3 M


� Tracer:


– 238U(VI): c0 = 1·10-6 M,
t = 2457 d
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[1] Van Loon et al. (2004). PSI Bericht 04-03, 
PSI, Villigen PSI.


Peristaltic 
pump


Diffusion cell


Spacer 


Ø: 25.7 mm


L : 5.3 mm


Source reservoir


Receiving 
reservoir


aerobic conditions


RT


4 cells used: 3 cells contacted with U(VI) solution, 
1 blank cell (1.6 g/cm3)


Description of the diffusion 
experiment
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Modeling results of the U(VI) diffusion


0 1 2 3 4 5
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 /
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3


Distance / mm


 1.3 g/cm
3


 1.6 g/cm
3


 1.9 g/cm
3


 Blank cell


U profiles in MX-80 bentonite


[1] Steefel (2011). CrunchFlow. LBNL, Berkeley, CA.
[2] Doherty (2003). PEST, Watermark Numerical Computing, Brisbane.


Modeling with CrunchFlow2011 [1] and optimization with 
PEST [2]


0 1 2 3 4 5 6 7 8 9
0.000


0.002


0.004


0.006


0.008


0.010
 Experiment


 Model
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n
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a
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o
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e
 c
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y
 /


 m
o


l/
m


3
Distance / mm


Modeling of the profile at 1.3 g/cm
3
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Modeling results of the U(VI) diffusion


� In contrast to the majority of 
literature values, Kd values 
obtained in this study are 
very low and decrease with 
increasing density. 


� This can be explained by the 
U(VI) speciation (more 
UO2(CO3)3


4- than 
Ca2UO2(CO3)3(aq) at         
1.9 g/cm3).


� The porosity used for 
modeling has no significant 
effect on the fitted Kd.


[1] Torstenfelt et al. (1986). SKB Technical Report 86-14. SKB, 
Stockholm.


[2] Wang et al. (2005), Radiochim. Acta 93(5), 273.
[3] Glaus et al., Clays in Natural & Engineered Barriers for 


Radioactive Waste Confinement 22.-25. Oct. 2012, Montpellier; 
Andra 2012, Print.


1.0 1.2 1.4 1.6 1.8 2.0
1E-3


0.01


0.1
 HTO_porosity


 Cl
-
_porosity


 Wang et al., 2005


 Torstenfelt et al., 1986


 Glaus et al., 2012


K
d
 /
 m


3
/k


g


Density / g/cm
3
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Modeling results of the U(VI) diffusion


1.3 1.4 1.5 1.6 1.7 1.8 1.9
1E-06


1E-05


1E-04


1E-03


T
o


rt
u


o
s


it
y


Density / g/cm
3


 HTO_porosity


 Cl
-
_porosity


� Using the HTO porosity for 
modeling, the tortuosities 
obtained slightly decrease with 
increasing density. Diffusing 
U(VI) uses pathways through 
the clay which are more curved 
and twisted at higher densities. 


� Using the Cl- porosity, the 
tortuosities obtained remain 
unaffected by the density. 
Assuming  that the diffusion 
pathway of U(VI) will not 
change with increasing density. 


Unrealistic!


Porosity 1.3 
g/cm3


1.6 
g/cm3


1.9 
g/cm3


HTO 0.66 0.65 0.32


Cl- 0.12 0.04 0.02
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Modeling results of the U(VI) diffusion


� As expected, diffusion coefficients decrease with increasing density.


� In contrast to literature values obtained at “short-term” experiments, 
the Da values in this study are much smaller, pointing to a much slower 
diffusion through bentonite than expected so far.


[1] Torstenfelt et al. (1986). SKB 
Technical Report 86-14. SKB, 
Stockholm.


[2] Wang et al. (2005), Radiochim. Acta
93(5), 273.


[3] Idemitsu et al. (1996), Mater. Res. 
Soc. Symp. Proc. 412 (Sci. Basis 
Nucl. Waste Manage. 19), 683.


[4] Ramebäck et al. (1998), Radiochim. 
Acta 82, 167.


[5] Glaus et al., Clays in Natural & 
Engineered Barriers for Radioactive 
Waste Confinement 22.-25. Oct. 
2012, Montpellier; Andra 2012, Print.
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Da 
=


De


εeff + Kd · ρ
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Conclusions


� The sorption and diffusion of U(VI) on/through bentonite 
decrease with increasing density. 


� The effective porosity accessible for U(VI) diffusion resembles 
more the porosity of HTO than the porosity of Cl-.


� The diffusion coefficients obtained in this study are much 
smaller than found in literature for “short-term” experiments.


Which processes are responsible for this different behavior?
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Motivation and objectives


De = εeff
x · Dw


De … effective diffusion coefficient
x … cementation factor
Dw … diffusion coefficient in water


� A common method to predict the diffusion parameters in porous 
materials is the application of an empirical formula analogous to 
Archie’s law [1].


� x depends on the properties of porous material and is not influenced 
by temperature or sorption of the tracer. 


What is x in this system? 
Is the formula suitable to describe the actinide diffusion?


[1] Boving and Grathwohl (2001), J. Contam. Hydrol. 53(1-2), 85. 
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Modeling results of the U(VI) diffusion


� Archie’s law analog is not 
suitable to describe the 
relation between effective 
porosity and effective 
diffusion coefficient for 
U(VI)!


� Archie’s law analog: De = εeff
x · Dw


-0.6 -0.4 -0.2


-16.5


-16.0


-15.5


-15.0


-14.5


-14.0


-13.5


-13.0


-12.5


-12.0


-11.5
 Experimental values


 Linear fit


lo
g


 D
e
(U


(V
I)


) 
/ 
m


2
/s


log εεεε


log D
e
 = 14.11 (+/- 4.27) * log ε - 9.34


RSS = 11.34638
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De = εeff
x1 · Dw + εeff


x2 · A 


[1] Van Loon, Clays in Natural & Engineered Barriers for Radioactive 
Waste Confinement 22.-25. Oct. 2012, Montpellier; Andra 2012, 
Print.


Modeling results of the U(VI) diffusion


� Extended Archie’s law [1]:


0.1 0.5 1
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 Experimental values 


 Fit extended Archie's law 


 Minimum at maximal values


 Maximum at minimal values


 extended Archie's law [1]


 uncertainty


D
e
(U


(V
I)


) 
/ 
m


2
/s


εεεε


[1] This study


HTO, Na+, Cl-, I-


through 
sedimentary 


rock


U(VI) 
through 


bentonite


Dw / 
m2/s


2.2·10-9 4.6·10-10


A / 
m2/s


1·10-11 5.5·10-11


x1 2.4 +0.6/-0.4 5.2 ±1.3
x2 1±0.2 0.5 ±0.2


� Extended Archie’s law is 
able to describe the U(VI) 
diffusion through bentonite.
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Overview 


 Background and ISFSI’s sampled  


 Types of samples and sampling methods 


 Sampling issues 


 Analysis methods 


 Results, Hope Creek and Diablo Canyon 
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Background 


 Stress corrosion cracking (SCC) of stainless steel due to 


deliquescence of chloride-rich salts on the metal surface is well-


known, especially in near-marine environments.  


 EPRI sampling program: Assess the composition of dust on the 


surface of in-service stainless steel SNF storage canisters, with 


emphasis on the composition of the soluble salts, that could 


deliquesce as the canisters cool.  


 EPRI worked with cask vendors to establish sampling methods and 


with reactor owners to gain access to three sites 


 ISFSI locations to be sampled:   


• Calvert Cliffs: Transnuclear NUHOMS system, horizontal storage canister 


• Hope Creek: Holtec HI-STORM system, vertical canister (sampled Dec 2013) 


• Diablo Canyon: Holtec HI-STORM system (sampled Jan 2014) 


 Samples delivered to Sandia National Laboratories for analysis 
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Hope Creek Site 


ISFSI 


Delaware 


Bay 


Eastern U.S. 


~15 miles 


~0.25  


miles 
ISFSI is ~0.25 


miles from the 


Delaware River, 


15 miles 


upstream from 


Delaware Bay. 
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Diablo Canyon Site 


~0.35  


miles 


ISFSI is ~1/3 mile from the shoreline, 


on a hill above the plant. 
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Sampling of deposits on In-service 


SNF Interim Storage Canisters 


Holtec HI-STORM 100S-218 


Exit vents 


Inlets 


Salt deposition and corrosion at 


sea-side inlet vents (Diablo Canyon) 
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Sampling of deposits on In-service 


SNF Interim Storage Canisters 


Removing the Gamma Shield Sampling with remote sampling tool 
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Types of Samples Collected 


Wet samples 


– Salt-smart® sensors 


– Used to characterize soluble salts (quantify 
amount per unit area) 


– Pneumatically-activated sampling tool pressed 
Salt-smart® sensor against canister surface 
and delivered water to the sensor.   


– Sampling issues 


• Saltsmart® samplers do not work above 80ºC 


– Stated range 0 — 50ºC, but manufacturer tested to 
90ºC 


– However, problems observed at >80ºC 


• Wick adheres to silicone pressure pad 


• Reservoir pad is only partially wetted 


• Diablo Canyon sampling was limited by hot 
packages; many sample locations were too hot 


• Pads sometimes did not contact the surface flatly 


• Measured salt concentrations/area may not be 
representative! 
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Types of Samples Collected 


Dry dust samples 


 Used to characterize soluble/insoluble 
components (chemistry, mineralogy, 
texture); cannot quantify amount per unit 
area 


 At Hope Creek/Diablo Canyon: 
• Holtec-designed sampling tool 


• Scotch-brite® pad pressed against the 
surface and moved back and forth 
pneumatically (sides) or using a long rod (top) 


 Sampling issues 
• Recommended pads were not free of 


abrasive—contained talc (Mg-silicate) as a 
filler.  This interfered with mineral 
identification by SEM, but not badly. 


• Worse—pads leached copious amounts of 
sodium, phosphate, and sulfate.   These 
species cannot be quantified in the soluble 
salt leachate from the pads.   Chloride and 
nitrate were not affected. 


20 µm 
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Samples Collected — Hope Creek 


MPC-145 MPC-144 


Wick stuck to silicone pressure pad, and/or 


reservoir pad was only partially wetted 
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Samples Collected — Diablo Canyon 


MPC-170 MPC-123 


Wick stuck to silicone pressure pad, and/or 


reservoir pad was only partially wetted 
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Samples Photographs — Hope Creek  


(MPC-144) 
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Samples Photographs — Diablo Canyon 


(MPC-123) 


   


123-002 123-003 123-004 


  


 


123-005 123-010  


 


  


123-001 123-006 


  


123-007 123--008 


 
 


123--009 123-011 


 


123-012 
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Analysis  Methods 


 X-ray fluorescence analysis 


– Dry samples 


– Micro-analytical technique—allows chemical mapping of the  dry pad surfaces with a 


resolution of ~50 µm 


– Provides semi-quantitative chemical analyses—yields element ratios that can be used 


in mass balance calculations  


– Cannot detect elements lighter than Na (and sensitivity to Na is very low) 


 SEM imaging and energy dispersive system (EDS) element maps 


– Dry samples 


– Provide textural and mineralogical information  


– Identification of floral/faunal fragments in dust  


 X-ray diffraction 


– Analysis of pads for mineralogical information (was unsuccessful) 


– Chemical Analysis 


– Dry pad and Salt-smart® samples leached with DI water, and the leachate analyzed to 


determine soluble salts in the dust 


– Insoluble fractions digested and analyzed to determine bulk chemistry 
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XRF Analysis Pad Blank 


Fe Kβ 


Fe Kα 


Ti Kβ 


Ti Kα 


Si Kα 


Mg Kα 
S Kα 


P Kα 


Rh X-ray 


tube 


Ca Kα 


Elemental map 


for Fe 


 Pad contains talc (Mg3Si4O10(OH)2 


 Pad leaches SO4
2–, PO4


3–, and Na+ 
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XRF Analysis Hope Creek Sample # 144-005 


Side, Insertion Depth 13.5 feet 


Fe 


Kβ 


Fe 


Kα 


Ti 


Kβ 


Ti 


Kα 


Si 


Kα 
Mg 


Kα S    


Kα 


Rh X-ray 


tube 


Ca 


Kα 


Possible enrichment in iron (however, all 


samples show a similar enrichment—


may be variability between samples and 


blank) 
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XRF Analysis Hope Creek Sample # 144-011 


Top 
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XRF Analysis Diablo Canyon Sample # 123-011 


Top 


Fe 
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Ti 
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XRF Analysis: Summary 


Hope Creek 


Diablo Canyon 


Sample Location Fe Si Ca K S Zn
144-001 minor - - - - -


144-002 - - - - - -


144-005 Side (13.5 ft) minor - - - - -


144-006 Side (8.5 ft) minor trace - - - -


144-007 Side (1.0 ft) trace - - - - -


144-011 Top major minor trace trace trace trace


144-012 Top major minor trace trace - trace


145-001 trace - - - - -


145-003 Side (13.5 ft) major minor - - - -


145-004 Side (8.5 ft) minor minor - - - -


145-005 Side (1.5 ft) minor minor - - - -


145-012 Top minor trace trace trace - trace


Sample Location Fe Si Ca K S Zn Cl Cr
123-001 major minor - - trace - - -


123-006 Side (11.0 ft) minor minor - - trace - - -


123-007 minor minor - - trace - - -


123-008 Side (7.5 ft) minor trace - - - - - -


123-009 Side (3.0 ft) major minor - - trace - - -


123-011 Top major minor trace trace trace trace - -


123-012 Top minor trace - minor trace trace minor minor


170-001 major trace - - - - - -


170-003 Top major minor - trace trace trace minor -


170-004 Side (11.0 ft) major minor - - trace trace - trace


170-005 Side (7.5 ft) minor minor - - trace trace - -


170-006 Side (3.0 ft) major minor - - trace trace - -


Zn is probably from 


the Zn-based paint on 


the outside of the 


overpacks 


Variation in Fe and Si (and 


possibly S) largely be due to 


variation in the pad matrix 


from sample to blank   


Elevated Cr (and 


apparently Fe in 


some cases), 


due to stainless 


steel particles 


on canister 


surface (from 


surface 


finishing). 


Canister top 


samples are 


most heavily 


loaded 


Canister top 


samples are 


most heavily 


loaded 


Significant Cl 


present 


Dusts largely undetectable by 


XRF.  Only spectra from canister 


top samples a show a convincing 


contribution from dust  
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SEM/EDS Analysis 


20 µm 


C 


20 µm 


Mg 


Si 


O 


Scotch-brite® pad blank 
• Nylon fibers in resin 


• Talc (Mg-silicate) particles embedded in 


resin 


• Trace titanium oxide particles 


• Few contaminant particulates 


• Fibers/resin abrade easily, talc flakes 


apart 


200 µm 


Scotch-brite® pad blank 
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SEM/EDS Analysis Hope Creek Sample # 144-005:  


Side, Insertion depth 13.5 ft 


20 µm 


Canister sides:  very sparse dust 
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SEM/EDS Analysis Hope Creek Sample # 144-005:  


Side, Insertion depth 13.5 ft 


O 


Al Ca 


Mg 


S 


Si 


Na Cl 


Fe 


N 


K Cr 


20µm 


Dominant dust phases are aluminosilicates (morphology suggests feldspars), and stainless steel 


particulates from manufacturing) 
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SEM/EDS Analysis Hope Creek Sample # 144-005:  


Side, Insertion depth 13.5 ft 


O 


Al Ca 


Mg 


S 


Si 


Na Cl 


Fe 


N 


K 


2µm 


Trace chlorides present.  Dominantly NaCl (occasional KCl) in small etched grains. 
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Disposition  
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SEM/EDS Analysis Hope Creek Sample # 144-011:  


Canister top  


Canister top:  heavy dust coating 


100 µm 


Canister top:  heavily loaded with dust 
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SEM/EDS Analysis Hope Creek Sample # 144-011:  


Canister top  


Dominantly aluminosilicates.  Sparse pollen grains. 


O 


Al Ca 


Mg 


S 


Si 


Na Cl 


Fe 


N 


K 


50 µm 
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SEM/EDS Analysis Hope Creek Sample # 144-011:  


Canister top  


Sparse chloride minerals 


O 


Al Ca 


Mg 


S 


Si 


Na Cl 


Fe 


N 


K 


10 µm 
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Fuel  


Disposition  


June 4, 2014  UFD Working Group Meeting 27 


SEM/EDS Analysis Diablo Canyon Sample # 170-004:  


Side, Insertion depth 11.0 ft 


Moderate dust collected form the sides of the canisters. 


100 µm 
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SEM/EDS Analysis 


Abundant fine sea salt grains, aluminosilicates, and steel particles.  Some Ca-sulfate. 


Diablo Canyon Sample # 170-004:  


Side, Insertion depth 11.0 ft 


O 


Al Ca 


Mg 


S 


Si 


Na Cl 


Fe 


N 


K Cr 


40 µm 
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SEM/EDS Analysis 


Abundant fine and coarse sea salt grains, aluminosilicates, and steel particles.   


Diablo Canyon Sample # 170-004:  


Side, Insertion depth 11.0 ft 


O 


Al Ca 


Mg 


S 


Si 


Na Cl 


Fe 


N 


K Cr 


20 µm 
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SEM/EDS Analysis Diablo Canyon Sample # 170-003:  


Canister top 


Heavy dust load collected from the top of the canisters. 


200 µm 
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SEM/EDS Analysis 


Abundant fine and coarse sea salt grains, aluminosilicates, and steel particles.   


Diablo Canyon Sample # 170-004:  


Side, Insertion depth 11.0 ft 


O 


Al Ca 


Mg 


S 


Si 


Na Cl 


Fe 


N 


K 


20 µm 
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SEM/EDS Analysis 


Abundant fine and coarse sea salt grains, aluminosilicates, and steel particles.   


Diablo Canyon Sample # 170-004:  


Side, Insertion depth 11.0 ft 


O 


Al Ca 


Mg 


S 


Si 


Na Cl 


Fe 


N 


K 


10 µm 
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SEM/EDS Analysis 


Abundant fine and coarse sea salt grains, aluminosilicates, and steel particles.   


Diablo Canyon Sample # 170-004:  


Side, Insertion depth 11.0 ft 


O 


Al Ca 


Mg 


S 


Si 


Na Cl 


Fe 


N 


K Cr 


2 µm 
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SEM/EDS Analysis Diablo Canyon Sample # 170-003:  


Top center 


2 µm 


2 µm 


2 µm 


4 µm 


Clusters of sea salts.  


Dominant minerals 


are sodium chloride 


(cubic crystals), and 


Mg-sulfate (sheaf-


like crystals and 


masses between 


cubes)   


 


Common 


morphologies: 


• Spherical 


aggregates 


(hollow) 


• Skeletal and 


hopper crystals   
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SEM/EDS Analysis Diablo Canyon Sample # 170-003:  


Top center 


4 µm 


4 µm 4 µm 


4 µm 


Clusters of sea salts.  


Dominant minerals 


are sodium chloride 


(cubic crystals), and 


Mg-sulfate (sheaf-


like crystals and 


masses between 


cubes)   


 


Common 


morphologies: 


• Spherical 


aggregates 


(hollow) 


• Skeletal and 


hopper crystals   
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SEM/EDS Analysis 


Only the hottest sample that was collected shows evidence of chloride particle conversion to 


nitrates: combined nitrate-chloride salts. 


Diablo Canyon Sample # 123-009:  


Side, Insertion Depth 3.0 ft 


Hottest Sample:  245ºF 


 


O 


Al Ca 


Mg 


S 


Si 


Na Cl 


Fe 


N 


K Cr 


4 µm 
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SEM/EDS Analysis 


Only the hottest sample that was collected shows evidence of chloride particle conversion to 


nitrates: combined nitrate-chloride salts. 


Diablo Canyon Sample # 123-009:  


Side, Insertion Depth 3.0 ft 


Hottest Sample:  245ºF 


 


O 


Al Ca 


Mg 


S 


Si 


Na Cl 


Fe 


N 


K Cr 


1 µm 
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Implications 


Does salt deposition process affect the results of experiments evaluating 


corrosion of 304SS SNF storage canisters? 


Aqueous solution deposited by 


airbrush: 


Salts in ethanol deposited by 


airbrush. Salts on waste package surface: 


2 µm 


2 µm 


2 µm 


4 µm 


250 µm 


120 µg/cm2 
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Chemistry:  Hope Creek Salt-smarts® 


K Ca Mg Na NH4
+


F
–


Cl
– NO3


–
PO4


3–
SO4


2–


144-008 Side 13.0 93.2 0.8 3.4 0.6 0.1 2.7 0.9 2.7 4.1 15.4


144-009 Side 7.5 116.5 1.7 4.5 0.5 0.1 2.7 0.9 6.4 1.1 6.5 24.3


144-010 Side 1.0 133.9 1.4 4.2 0.4 0.4 2.4 1.2 5.0 4.4 19.4


144-013 Top 0.0 138 18 102 33 42 2.8 0.4 4.2 19 4.8 91 317


144-014 Top 0.0 141.2 6.4 29 8.0 13.4 2.7 0.4 18 7.3 1.3 55 142


144-003 0.6 2.2 0.4 1.4 0.5 3.3 1.2 2.1 11.6


144-004 0.3 3.2 0.6 2.9 0.8 1.8 0.5 1.7 11.8


145-006* Side 13.0 70.6 2.2 4.4 0.6 0.5 2.3 2.2 8.1 4.7 25.1


145-007 Side 7.5 100.8 1.0 2.4 0.6 0.7 2.9 2.1 2.2 0.7 5.3 17.9


145-014 Side 1.0 130.3 0.9 3.2 0.8 0.6 3.2 1.2 2.5 9.1 21.5


145-013** Top 0.0 174.1 15 91 30 32 2.8 2.2 15 3.5 82 273


145-011** 0.2 2.3 0.3 3.0 0.7 1.3 1.7 9.6


145-002 1.2 4.8 0.5 2.7 0.7 5.9 0.8 2.0 18.5


SS-Bl-8 min-1 1.3 0.2 1.1 0.4 1.6 0.6 5.1


SS-Bl-8 min-2 1.2 0.2 1.5 0.7 0.9 0.5 0.2 5.2


SS-Bl-15 min 1.5 0.5 5.7 0.2 0.7 1.1 1.6 1.7 12.9


* Pad only damp


** Pad only partially saturated


SUM
Amount present, µg/sample


Sample Loc.
Depth, 


ft


Temp, 


ºF


>10 µg/sample 


Dominant ions 
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Chemistry: Hope Creek Dry Pads 


Loc. Depth, ft Temp ºF Na+ K+ Ca2+ Mg2+ F– Cl– NO3
– PO4


3– SO4
2– Na+/PO4


3– Na+/SO4
2–


144-005 Side 13.5 84.1 337 6.5 0.2 0.8 0.1 5.3 5.5 382 111 0.9 3.0


144-006 Side 8.5 89.6 308 5.6 0.3 0.8 0.0 5.4 4.9 311 91 1.0 3.4


144-007 Side 1.0 126.4 315 5.1 0.2 0.7 0.0 5.0 5.5 364 107 0.9 2.9


144-011 Top 0.0 132.6 536 11.6 1.5 2.3 0.1 8.6 10.7 565 175 0.9 3.1


144-012 Top 0.0 141.2 423 7.1 1.5 1.9 0.1 6.6 4.2 505 146 0.8 2.9


144-001 306 6.4 0.5 1.0 0.0 8.3 11.8 386 117 0.8 2.6
144-002 323 5.6 0.7 0.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d.


145-003 Side 13.5 70.9 343 5.8 0.2 0.9 0.0 4.3 5.7 429 123 0.8 2.8


145-004 Side 8.5 93.3 359 6.0 0.2 1.1 0.0 7.8 6.8 439 125 0.8 2.9


145-005 Side 1.5 122.5 345 6.5 0.2 0.9 0.1 5.3 9.6 394 121 0.9 2.9


145-012 Top 0.0 172.1 585 11.4 1.2 2.6 0.1 7.9 8.4 716 222 0.8 2.6
145-001 362 7.5 0.2 0.9 n.a. 6.1 5.8 449 130 0.8 2.8


Pad Bl #1 247 3.1 0.1 0.4 0.0 2.2 2.6 310 91 0.8 2.7


Pad Bl #2 267 2.7 0.1 0.6 0.1 2.2 1.3 352 102 0.8 2.6
Pad Bl #3 235 2.4 0.1 0.3 0.1 1.9 1.5 298 89 0.8 2.6


Sample


Concentration, µg/sample


Unfortunately, pads leach copious amounts of Na+, PO4
3–, and SO4


2–.  Can excess Na+ or SO4
2– from the 


adhering dust be detected?  Note that blanks leach less than the other samples, but the blank pad masses are 


lighter than other samples. 
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Chemistry:  Hope Creek Dry Pads 


The linear relationships 


between Na+, PO4
3–, and 


SO4– show that the 


contribution leaching from 


the pad overwhelms any 


contribution from adhering 


dust.    
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Chemistry: Diablo Canyon Salt-smarts® 


Na
+


K
+


Ca
2+


Mg
2+


F
–


Cl
–


NO3
–


PO4
3–


SO4
2–


123-003 Side 14.0 119.7 0.3 0.6 2.4 0.6 0.3 1.2 1.5 0.4 4.3 11.6       


123-004 Side 11.5 173.4 0.2 1.2 2.6 0.4 0.1 0.9 3.7 0.1 2.1 11.4       


123-005 Side 10.5 187.0 n.a. 0.3 3.6 0.2 0.3 0.5 0.6 0.5 1.4 7.2       


123-002 — — — 14.4 0.9 6.0 0.9 0.9 14.1 11.3 n.a. 10.4 58.8       


123-010 — — — 3.3 1.9 2.2 0.5 1.0 6.2 1.3 0.8 1.6 18.8       


170-007 Side 10.5 177.5 1.0 0.3 2.0 0.3 0.3 1.0 1.9 n.a. 1.4 8.2       


170-008 Side 9.5 182.8 0.2 0.5 2.4 0.2 0.3 0.7 2.3 0.6 0.6 7.9       


170-009 Side 9.0 188.2 0.3 2.3 3.2 0.2 0.2 0.6 9.3 0.6 0.9 17.7       


170-002 — — — 7.3 1.3 5.9 1.3 0.2 3.2 21.0 0.8 6.2 47.3       


B1-6 — — — 0.7 0.9 1.8 0.2 0.1 1.0 — 0.7 0.4 8.8       


B1-8(1) — — — n.a. 0.2 1.0 0.1 0.4 0.3 0.2 0.3 0.2 2.8       


B1-10 — — — n.a. 0.3 1.3 0.2 0.3 0.6 1.9 0.8 0.3 5.6       


B1-12 — — — 0.3 0.8 1.1 0.2 0.2 0.9 1.8 0.7 0.3 6.3       


B1-14 — — — n.a. 0.1 0.9 0.1 0.3 0.4 0.7 1.0 0.2 3.7       


B1-8(2) — — — n.a. 0.2 1.2 0.2 0.3 0.3 1.0 n.a. 0.4 3.7       


Concentration, µg/sample
Sample


Sum, 


µg/sample
Location Depth, ft Temp, ºF


*  Wick adhered to silicon pressure pad, and/or 


reservoir pad was only partially saturated 


* 


* 


* 


* 


Significantly above blanks 
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Chemistry: Diablo Canyon Dry Pads 


Loc. Depth, ft Temp, ºF Na
+


K
+


Ca
2+


Mg
2+


F
–


Cl
–


NO3
–


PO4
3–


SO4
2–


Pad Bl #1 — — — 247 3.1 0.1 0.4 0.0 2.2 2.6 310 91


Pad Bl #2 — — — 267 2.7 0.1 0.6 0.1 2.2 1.3 352 102


Pad Bl #3 — — — 235 2.4 0.1 0.3 0.1 1.9 1.5 298 89


123-006 Side 11.0 177.2 439 7.7 0.2 1.3 0.2  9.4  9.3  535  158  


123-008 Side 7.5 211.7 519 8.8 0.3 1.4 0.2  10.4  9.1  619  171  


123-009 Side 3.0 245.5 518 8.6 0.7 1.8 0.2  12.9  9.4  656  172  


123-011 Top cntr 0.0 206.8 676 13.7 1.9 4.0 0.2  74  21  732  236  


123-012 Top edge 0.0 204.0 638 15.3 1.3 3.3 0.2  79  17.4  693  217  


123-001 — — — 485 7.5 0.2 1.3 0.1  16.7  11.3  579  173  


123-007 — — — 478 9.0 0.2 1.4 0.2  11.4  9.1  581  168  


170-003 Top cntr 0.0 187.6 710 12.7 0.8 3.5 0.2  67  11.5  818  253  


170-004 Side 11.0 153.9 488 8.4 0.1 1.1 0.2  10.3  6.1  578  167  


170-005 Side 7.5 193.8 619 10.0 0.5 2.2 0.3  8.2  8.0  758  226  


170-006 Side 3.0 180.6 612 9.5 0.3 2.2 0.2  5.9  6.5  — 208  


170-001 — — — 597 10.2 0.4 2.1 0.2  9.1  29  716  205  


Sample
Concentration, µg/sample
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Chloride Surface Loads, Hope Creek 


and Diablo Canyon Saltsmart® Data 


These are inconsistent with 


the chloride observed by 


XRF, or the high salt loads 


on the abrasive pads seem 


by SEM.  It is unlikely that 


the Saltsmarts® worked 


properly on the hot Diablo 


Canyon canisters.   


Sample Cl, g/m
2


Sample Cl, g/m
2


123-002 0.061    144-003 0.002    


123-003 0.005    144-004 0.003    


123-004 0.004    144-008 0.003    


123-005 0.003    144-009 0.003    


123-010 0.025    144-010 0.004    


170-002 0.013    144-013 0.014    


170-007 0.005    144-014 0.060    


170-008 0.003    145-002 0.002    


170-009 0.003    145-006 0.007    


Bl-6 min 0.004    145-007 0.007    


Bl-8 min-1 0.002    145-011 0.002    


Bl-10 min 0.003    145-013 0.007    


Bl-12 min 0.004    145-014 0.004    


Bl-14 min 0.002    Bl-8 min-1 0.001    


Bl-8 min-2 0.002    Bl-8 min-2 0.002    


Bl-15 min 0.002    


Diablo Canyon 


Saltsmarts®


Hope Creek 


Saltsmarts®
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Summary 


 Hope Creek: Saltsmart® data indicate that the dominant salt species are Ca and SO4, with 


lesser amounts of  Na, Mg, and NO3, and very little Cl.    


 Diablo Canyon: Saltsmart® wet samplers have a limited working temperature range, which 


was exceeded at Diablo Canyon for many samples.  Measured salt loads were very low, and 


inconsistent with SEM and XRF observations, and dry pad leachate data. Saltsmart® data 


are probably invalid at higher temperatures. 


 Scotchbrite® pads leached high measured concentrations of sodium, phosphate, and 


sulfate, affecting measured dust leachate compositions and limiting utility of the data.  


However, we can say: 


– Hope Creek pad leachates have very low soluble salt concentrations, and very low chloride. 


– Diablo Canyon pad leachates from canister top samples are where chloride-rich, consistent with SEM 


observations.   


 SEM data  


– Dusts on Hope Creek Canisters are largely insoluble minerals; salts are limited, and are salts are largely sulfate 


and nitrate-rich.  NaCl was observed as rare isolated grains. 


– Dusts on Diablo Canyon Canisters, are sea-salt rich.   Sea-salts are largely present as coarse (>2.5µm fraction) 


spherical aggregates or euhedral crystals of halite with associated Mg-sulfate, and lesser amounts of Ca and K.  


Smaller particles are also present. 


– Mixed chloride-nitrate grains (possibly indicating particle-gas conversion reactions) were only observed on the 


hottest Diablo Canyon sample, although etched NaCl grains were observed in several samples.  
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Thermochemical Database Project - TDB 
o Initiation in 1984 


o Objective: 


o International reference database of thermodynamic values of 
elements present in radioactive waste management 


o Meet modelling requirements for safety assessments of 
radioactive waste disposal systems. 


 
Thermodynamic Data 


• Formation data:  


• Reaction data: 


• No sorption, kinetic or diffusion data 
included  
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• Elements of interest for RW 
disposal 


• All aqueous and solid species of 
elements 


• Original experimental data 
• Critical review of literature 
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Organisation of the TDB project 


Management Board: 
12 Countries, 


15 Participating Organisations 


Executive Group 


Review Teams 


Independent Peer Review 


Reviews Selected Values Data Base 


G
ui


de
lin


es
 


NEA Project  
Coordinator 


ONDRAF/NIRAS (Belgium) 
OPG (Canada) 
RAWRA (Czech Republic) 
POSIVA (Finland) 
ANDRA, CEA (France) 
KIT/FZK (Germany) 
JAEA (Japan) 
ENRESA (Spain) 
SKB (Sweden) 
ENSI, NAGRA, PSI 
(Switzerland) 
NDA (UK) 
DoE (USA) 
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1984 Phase I 


1992 Uranium Review 


1995 Americium Review 


1998 Phase II 


1999 Technetium Review 


2001 Neptunium and Plutonium Review 
TDB Workshop “Thermodynamic Data Bases in Performance Assessment” 


2003 Update Review 
TDB III 


2004 Reprints of the Uranium and Americium Reviews 


2005 Nickel, Selenium, Zirconium and Organic Ligands Reviews 


2007 Solid solutions state-of-the-art report 


2008 TDB IV 


2009 Thorium Review 


2010 Joint TDB-Sorption Symposium “From Thermodynamics to the Safety Case” 


2013 Tin and Iron reviews 


2014 TDB-5 


Achievements of the TDB Project 
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Current Projects 
Phase 5 


Mo Ancillary  
Data Cements 


High-Ionic  
Strength  
Systems 


 
 
 
 


Fe (2nd part) 
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Fe (1st part) 
 
 


Fe (2nd part) 
 
 
 
 
 


1st part: Published in 2013 
 
2nd part: 
Will focus on: 
o  Solid phosphates and arsenates 


o Solid and aqueous nitrates and nitrites 


o Solid and aqueous sulfides, selenates and selenites 


o Solid solutions in the iron-oxide and iron-sulfide systems. 


Progress:   


o Started in 2010 
o Completion of peer-review draft planned for 2014 


 
 
 Current Projects 


Mo Ancilliary  
Data Cements High-Ionic Strength  


Systems 


 
 
 
 


Fe 
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Mo 
 
 
 
 
 


Will focus on:  


Mo compounds and species: 


o For which reliable thermodynamic data are 
available 


o Important in molybdenum chemistry 


o Important in waste storage conditions 


Progress:    


o Started in 2010 


o Most contributions at very advanced stage 


o 1st draft to be completed by summer 2014 


o Peer-review process planned in late 2014 


Current Projects 


Mo Ancilliary  
Data Cements High-Ionic Strength  


Systems 


 
 
 
 


Fe 
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Ancillary  
Data 


 
 
 
 
 


Will focus on: 
o  Aqueous species and solids formed from binary             
combinations of: 


•  Al3+, Ca2+, Mg2+ with O2–, OH–, Cl–, CO3
2–, 


SO4
2–, PO4


3–,  
• and H+, Na+, K+, Sr2+, Ba2+ with O2–/OH–, Cl–, 


CO3
2–; 


o  Selected B, Al, Si, Mg and Ca minerals.  
 
Progress:   
o  Started in 2010 
o  Peer review scheduled for 2014 
 
 


Current Projects 


Mo Ancilliary  
Data Cements High-Ionic Strength  


Systems 


 
 
 
 


Fe 
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Cements 
 
 
 
 
 


Objective: 
o To establish what chemical thermodynamic 


data, models and numerical implementation 
tools are available for the thermodynamic 
treatment of cement systems.   


Progress: 
o   Initiation report completed - autumn 2013 
o   Preparation of review started – beginning 
2014 
 


Current Projects 


Mo Ancilliary  
Data Cements High-Ionic Strength  


Systems 


 
 
 
 


Fe 
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High-Ionic 
Strength 
Systems 


 
 
 
 
 


Objectives: 
o Review literature on Pitzer parameters for key 


brine elements, actinides and radionuclides of 
importance to high ionic-strength systems in a 
nuclear repository. 


o Evaluate application of Pitzer model in repository 
science 


Progress 
o Initiation report expected by April 2014 
o Preparation of the report to start in 2014 


Current Projects 


Mo Ancilliary  
Data Cements High-Ionic Strength  


Systems 


 
 
 
 


Fe 
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Project guidelines describe review procedure 
 


o Sufficient experimental details in the publication? 


o  Evaluation of experimental method followed 
o  Corrections (experimental, to standard conditions): 


•  all made by authors? 
•  all details contained to allow reviewer to make 
 corrections? 
•  use procedures detailed in guidelines; if not possible 
consult TDB EG through the NEA co-ordinator 


o  Line of reasoning used: “Appendix A” in TDB books 
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Critical review of existing 
literature from expert teams: 


Initiation report 


Draft: Single-author 
contributions and 


synopses of reviewed 
sources 


Compilation of 
contributions -   


‘’Peer-review’’ Draft 
Peer review 


Published Report – 
TDB Book 


NEA-TDB Selected 
Values Database 
available online 


Review Process 


Timescale:  
~2.5 years 


Timescale: 
~1 year 
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“The fascination of any growing science lies in the work 
of the pioneers at the very borderland of the unknown. 
But to reach that frontier one must pass over well-
traveled roads. One of the safest and surest is the 
broad highway of thermodynamics.” 
 


G. N. Lewis and Merle Randall (1923) 
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Additional Details 
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TDB in the NEA Framework 
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The role of the NEA 
 


– Operational control of the project 
– Repository for documentation, codes and data 
– Liaison with MB and EG 
– Liaison with other Review Teams or experts to interact with for 


activities within the scope of the Expert Team 
– Access to literature sources 
– Format of drafts to the TDB style 
– Database Maintenance 
– Arrangement of Peer Review process 
– Questions related to mailing lists, web pages and file repositories 
– Reports to MB on PoW and Financial 
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NEA TDB Guidelines 


• Available on-line: http://www.oecd-nea.org/dbtdb/guidelines/ 


– TDB-0: The NEA Thermochemical Data Base Project 


– TDB-1: Guidelines for the review procedure and data selection 


– TDB-2: Guidelines for the extrapolation to zero ionic strength 


– TDB-3: Guidelines for the Assignment of Uncertainties 


– TDB-4: Temperature corrections to thermodynamic data and 
enthalpy calculations 


– TDB-5: Standards and conventions for TDB publications 


– TDB-6: Guidelines for the Independent Peer Review of TDB 
Reports 


 


 



http://www.oecd-nea.org/dbtdb/guidelines/
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Information contained in a TDB Book 


What data were selected? Selected Value Tables 


How data were selected? Chapters for each type of system 


Why data were selected? “Appendix A” with critical reviews of 
most relevant literature sources 


From what sources? Bibliography 


Internal consistency Work down to formation properties 
wherever possible 


What were the selection 
procedures? 


Common chapters and appendices: 
TDB Guidelines 


Who did the data selection? Authorship and Peer Reviewer 
names 
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Internal mechanics of the Reviews 
• Reviewers should not assess their own papers. However, internal 


discussion on topics of their work is encouraged 
 
• TDB Reviews are reviews of existing literature: papers submitted, 


results of on-going experiments or recourse to new experiments are 
outside the scope of the Project  


 
• Intermediate publication of results (e. g. Conferences) is discouraged 
 
• The contents of the on-going TDB Reviews or other TDB documents 


should not be cited in the literature 
 
• Only Experts approved by the Management Board will be reflected as 


authors of the publications 
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FY 14 Funding by Control Account 


Control Account 
 PY CO 
Funds 


 FY14 
Funds  Total Available 


CX $232,294 $900,000 $1,132,294 
1.02.08.01 - CX Campaign Management $232,294 $900,000 $1,132,294 


DR $2,991,870 $9,705,000 $12,696,870 
1.02.08.04 - DR Engineered Material Performance $471,788 $1,145,000 $1,616,788 
1.02.08.06 - DR Argillite Disposal R&D $524,171 $1,400,000 $1,924,171 
1.02.08.07 - DR Crystalline Disposal R&D $342,488 $1,710,000 $2,052,488 
1.02.08.08 - DR Generic Disposal System Analysis $463,012 $990,000 $1,453,012 
1.02.08.11 - DR International Disposal R&D $62,364 $605,000 $667,364 
1.02.08.14 - DR Regional Geology R&D $132,008 $600,000 $732,008 
1.02.08.16 - DR Disposal of Dual Purpose Canisters $181,646 $1,275,000 $1,456,646 
1.02.08.17 - DR Deep Borehole Disposal  $113,141 $610,000 $723,141 
1.02.08.18 - DR Salt R&D  $264,685 $1,320,000 $1,584,685 
1.02.08.23 - DR UNF and HLW Disposal Option Evaluation $436,567 $50,000 $486,567 


ST $1,127,426 $14,095,000 $15,222,426 
1.02.08.02 - ST Field Demonstration Support $616,014 $2,500,000 $3,116,014 
1.02.08.05 - ST Experiments $347,785 $3,655,000 $4,002,785 
1.02.08.10 - ST Analysis  $114,226 $2,130,000 $2,244,226 
1.02.08.13 - ST Transportation $42,608 $1,810,000 $1,852,608 
1.02.08.15 - ST Security $6,793 $200,000 $206,793 
1.02.08.20 - ST High Burnup Cask Demo Project $3,800,000 $3,800,000 


Grand Total $4,351,590 $24,700,000 $29,051,590 
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UFD NEUP Projects 


Projects Funded Total 
2011 $7,203,163 


5.01.02.04.01 - (11-3117) Life Prediction of Spent Fuel Storage Canister Material  -  MIT  $899,826 
5.01.02.04.02 - (11-3180) Quantification of cat ion sorption to engineered barrier materials under extreme conditions  -  CU   $1,171,380 
5.01.02.04.03 - (11-2987) Anisotropic azimuthal temperature distribution on fuel rod: impact on hydride distribution   -  PSU  $631,957 
5.01.02.06.01 - (11-3278) Fuel Aging in Storage and Transportation (FAST) of Used Nuclear Fuel -  TAMU $4,500,000 


2012 $7,363,320 
5.01.02.04.01 - (12-3756) Seismic Performance of Dry Casks Storage for Long-Term Exposure  -  UU   $873,320 
5.01.02.04.02 - (12-3528) Radiation and Thermal Effects on Used Nuclear Fuel and Nuclear Waste Forms  -  UTK  $770,000 
5.01.02.04.03 - (12-3298) Optimization of Deep Borehole Systems for HLW Disposal  -  MIT  $850,000 
5.01.02.04.04 - (12-3736) Nonlinear Ultrasonic Diagnosis and Prognosis of ASR Damage in Dry Cask Storage  -  NU   $885,000 
5.01.02.04.05 - (12-3361) Coupling nuclear waste corrosion and radionuclide transport in repository sediments  -  WSU  $885,000 
5.01.02.04.06 - (12-3545) Concrete Materials For Extended Nuclear Fuel Storage Systems  -  UH   $800,000 
5.01.02.04.07 - (12-3660) Simulations to Predict Used Nuclear Fuel Cladding Temperatures  -  UNR  $745,000 
5.01.02.04.08 - (12-3374) Validation Experiments for Spent-Fuel Dry-Cask In-Basket Convection   -  USU  $690,000 
5.01.02.04.09 - (12-3730) Probabilistic Multi-Hazard Assessment of Dry Cask Structures  -  UH   $865,000 


Grand Total $14,566,483 
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Milestones in 2013 


Level Number of Milestones Number Missed 


M2 26 0 


M3 46 10 


M4 63 20 


M5 1 1 


Grand Total 136 31 
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M2 Milestones by Control Account 


Control Account Total 
M2 


1.02.08.01 - Mgmnt & Integration 1 
1.02.08.02 - Field Demonstration Support 3 
1.02.08.04 - Waste Form Degradation Modeling 1 
1.02.08.05 - Experiments 5 
1.02.08.06 - Argillite Disposal R&D 3 
1.02.08.07 - Crystalline Disposal R&D 2 
1.02.08.07 - Crystalline Disposal R&D International 1 
1.02.08.08 - DR Generic Disposal System Analysis 1 
1.02.08.10 - Analysis  2 
1.02.08.11 - International Collaborations Integration & Coordination 1 
1.02.08.13 - Transportation 1 
1.02.08.14 - Regional Geology R&D 2 
1.02.08.16 - DR Disposal of Dual Purpose Canisters 1 
1.02.08.17 - DR Deep Borehole Disposal  1 
1.02.08.18 - DR Salt R&D  1 
1.02.08.20 - High Burnup Cask Demo Project 3 


Grand Total 29 
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Milestones by Site and Funding 


Site  FY14 Funds Milestones 


ANL $1,250,000 1 


DOE-ID $4,075,000 3 


INL $1,755,000 3 


LANL $2,530,000 3 


LBNL $2,015,000 1 


LLNL $640,000 0 


ORNL $1,500,000 1 


PNNL $3,020,000 2 


SNL $7,240,000 15 


SRNL $675,000 0 


Grand Total $24,700,000 29 
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Data to be Monitored 


 Fuel cladding temperature (indirect via thermocouple lances) 
 Cavity gas monitoring is being evaluated 


• Temperature 
• Composition 


– Fission gasses 
– Moisture 
– Hydrogen 
– Oxygen 


• Pressure 
Active methods for sampling the gas were analyzed 
Use of remote sensors were evaluated to gather the needed data 
Gas sampling on the pad is still be investigated 
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High Burn-up Project 


Three meetings have been held to develop a focus on several 
conceptual monitoring ideas: 
 EPRI/Extended Storage Collaboration Meeting; December 6, 2013, 


Charlotte, NC 
• Industry, DOE, DOE-labs, International (NNL, IAEA) NRC in attendance 
• Open meeting to solicit potential cask/canister monitoring techniques and ideas for the High 


Burnup Dry Storage Demonstration project 


DOE/EPRI project meeting; January 9, 2014, Las Vegas, Nevada 
• Further discussed conceptual ideas – DOE laboratories focus 


• Established a process to down select conceptual ideas for consideration 
• Resolved comments received on the Draft Test Plan 


DOE labs meeting; January 23, 2014, Las Vegas, Nevada 
• Selected four main categories for consideration for the HBU demonstration 


• Passive, external to cask 
• Passive, internal to cask 
• Active, external to cask 
• Active, installed within the cask lid 


DOE received the Final Test Plan on Feb 28, 2014 
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Planned Fuel for Storage 


Cladding  
Material 


Burnup 
Range 


(GWD/MTU) 


Number of 
Assemblies 
Available 


Last Irradiation Manufacturer 


Standard 
Zircaloy-4 53-58 3 1989 Westinghouse 


Zirlo 51-55 20 2004-2007 Westinghouse 


M5 52-67 11 2001-2010 AREVA 


Low-tin 
Zircaloy-4 49-50 3 1994 Westinghouse 


Candidate Fuel Assembly Types 
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Similar Rod Testing 


 Testing of similar rods as those to be loaded in the cask 
• Some fuel rods (25 or less) will be shipped in existing licensed cask to a hot cell 


for baseline rod characteristic data 
• Some rods will come from sister assemblies and some rods from assemblies to 


be stored in the TN-32 
• Location to receive the shipment is still under discussion 


Ultimate goal 
• Ship to an offsite facility for continued monitoring and fuel characteristic 


examinations 
• Prevent re-wetting of the fuel 


 Schedule for obtaining pins of similar nature as to be loaded in the cask 
(similar pins) 
• Similar pins will be pulled in 2015 
• Similar pins will be shipped in 2015 or 2016 


 







11 


Current Schedule 


High Level Minestones 
• 12/31/2014 TN complete DLBD 
• 7/31/2015 Dominion submits LAR to NRC 
• 1/31/2017 Dominion receives approved SER 
• 6/30/2017 Dry run and functional tests complete 
• 7/31/2017 Cask loading complete  
• 8/21/2017 Cask emplaced at pad 
• 4/16/2018 Current EPRI contract expires 
• 2018-2028  Continue to monitor and gather data 
• 2028  Open cask for examination 
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PART 1:  Iodide sorption behavior 


Future Work 


Experimental conditions/results Clay mineralogy 


Handbook of Clay Science, Eds.: Bergaya, F., Theng, B.K.G., Lagaly, G.; Elsevier, 2006. 


Potential reasons for anion interactions 


1. Interactions?… what interaction? 
2. Iodine redox -> oxyanions 
3. Clays impurities 
4. Nano-environments 







Used 
Fuel  
Disposition  


Is Iodide interacting with 
negatively charged interlayers? 


Altmann, 2008 


Q: Who cares?  


A: Performance Assessment 
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Clay Mineral Column 
KD Value 
(mL/g) 


Batch 
KD 
Value 
(mL/g) 


Ref. 


Opalinus (Illite) 0.008-
0.02 


Van Loon et al., 2003 


Montmorillonite 0.57 Sato et al., 1992 


Callovo-Oxfordian 
(Interstratified 
illite/smectite) 


0.15-
0.37 


Bazer-Bachi et al., 
2006 


Illite 27.7 Kaplan et al., 2000 


Montmorillonite -0.33 Kaplan et al., 2000 


Reported KD values for Iodide vary 
widely 
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L.R. Van Loon et al. / Applied Geochemistry 22 (2007) 2536–2552 
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Several types of batch sorption experiments 
were completed to characterize the clay 
surface environment 


• N2 BET 
• Methylene Blue (MB) 


• Na-exchanged clays 
• Variable amounts of MB were added until 


clay surface was saturated 
• BaCl2 Exchange 


• Excess of barium displaces native cations 
• Measure native cation release 


• Iodide 
• Solid:Liquid ratio: 100g/L  
• No specific pH control; ‘natural’ pH of clay 
• Seven day reaction time 


7 clays under consideration:  
All clays obtained from the clay bank 
repository (Purdue Univ.) 


• Kaolinite 
• Ripidolite 
• Illite 
• Illite/Smectite 


• Montmorillonite 
• Palygorskite 
• Sepiolite 
 


Sorption experiments: 


Concentration (M) NaCl NaBr KCl 
1.0 X     
0.1 X X X 
0.01 X     
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Data is consistent with ion pair formation caused 
by surface induced changes to water structure. 


~2nm ε 


78.5 
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Confined water 


Air 


Bulk water 
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I- Cl- 


I- Na+ K+ 
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Diffusion studies are underway completed 
in a constant pressure system. 


Schematic courtesy of Tom Dewers 
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Sampling Rate is Critical 
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Part 2 -- Thermal Effects – Heated Clay 
Experiments 


Materials 
– Illite, Illite-Smectite, Smectite, Palygorskite 


Methods 
– Heat clays for 1 hr.,  at ambient pressure in air 
– External surface area via BET (N2 adsorption) 
– CEC via BaCl2 exchange 
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Results I  -- Mass Loss on Heating  


Clay morphology matters 
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Results II – Pore Size 
Distributions 
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Results III – CEC / SA vs. Temperature 
Again,  morphology matters 


Illite  
– 20X increase in CEC 
100C 
 
Illite-Smectite 
– 10X increase in CEC 
100C 
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Conclusions and Next Steps 
Part 2. Thermal Treatments and CEC 
 


Thermal treatments show significant effects on CEC for 
all four clays studied.   
 


 Illite and Illite-Smectite, 20-fold and 10-fold increases at 
100C, respectively. 


 
For montmorillonite, the significant increase in CEC at 


400 °C is perhaps of only of marginal importance. 
 


Next, investigate heating duration, water 
content/humidity, and effect on compaction and swelling. 
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Back-Up Slides 
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Surface area was separated 
between total, interior, and 
exterior surface areas. 


MB CEC 
(meq/100 g) 


BaCl2 CEC 
(meq/100 g) 


BET S.A.  
(m2/g) 


MB S.A.  
(m2/g) 


Internal S.A. 
(m2/g) 


Kaolinite 1.50 4.61 11.31 11.76 0.45 


Ripidolite 3.00 6.03 8.02 23.49 15.47 


Illite 14.98 27.61 31.46 117.21 85.76 


Illite.Smectite 24.69 30.39 29.82 193.23 163.41 


Montmorillonite 109.53 151.92 28.29 857.17 828.88 


Sepiolite 17.41 8.98 201.43 136.27 -65.16 


Palygorskite 39.96 29.22 141.52 625.45 483.93 
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Iodide uptake is dependent on ionic composition 
of swamping electrolyte. 


Layered 


Fibrous 


CEC meq/100g 


KD [mL/g] (Std. Dev.) 


NaCl NaBr KCl 
Kaolinite 4.61 1.61 (0.28) 0.02 (0.63) -0.01 (0.22) 


Ripidolite 6.03 1.13 (0.38) -0.16 (0.72) -0.31 (0.17) 


Illite 27.61 0.54 (0.12) 0.13 (0.002) -0.50 (0.24) 


Illite.Smectite 30.39 0.38 (0.08) -0.01 (0.11) -0.49 (0.11) 


Montmorillonite 151.92 -0.32 (0.35) -0.58 (0.07) -1.69 (0.90) 


Sepiolite 8.98 0.01 (0.28) 0.79 (0.14) 0.11 (0.30) 


Palygorskite 29.22  0.24 (0.30) 1.26 (0.05) 0.99 (0.17) 


All electrolytes at 0.1M 
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Iodide uptake is dependent on ionic composition 
of swamping electrolyte. 


Layered 


Fibrous 


CEC meq/100g 


KD [mL/g] (Std. Dev.) 


CaCl2 CaBr2 MgCl2 
Kaolinite 4.61 0.34 (0.35) -0.34 (0.28) 0.09 (0.43) 
Ripidolite 6.03 0.16 (0.33) -0.05 (0.01) 0.22 (0.66) 
Illite 27.61 1.02 (0.22) -0.48 (0.32) 0.37 (0.01) 
Illite.Smectite 30.39 0.87 (0.16) -0.30 (0.09) 0.90 (0.34) 


Montmorillonite 151.92 0.56 (0.18) -2.16 (0.53) -1.70 (0.47) 
Sepiolite 8.98 -0.43 (0.12) 0.52 (0.25) -0.35 (0.37) 
Palygorskite 29.22 0.41 (0.78) 0.80 (0.41) 0.48 (0.10) 


All electrolytes at 0.05M 
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KD values trend with total surface area, suggesting 
interactions with negatively charged surfaces. 
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 Motivation 


 Colloid-facilitated transport is expected to be the dominant 


mechanism controlling plutonium migration 


 If colloidal PuO2(am) or PuO2(cr) is formed, its stability and 


interaction with minerals will control its migration 


 Only the most stable intrinsic Pu colloids will lead to long term 


colloid-facilitated transport 


 The relative stability of different forms of colloidal PuO2 under 


natural and repository conditions has not been quantified 


 We examined the stability of 


– “Amorphous” PuO2, “peptized” PuO2, and 300/800C calcined PuO2 


– in aerobic low ionic strength solutions (~pH 8), 


– in the presence of montmorillonite, and 


– as f(T) (25 and 80 C) 
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Dialysis membranes are used to segregate 


Pu intrinsic colloids from clay sorbent 


 Test relative stability of intrinsic Pu colloids vs. pseudo Pu clay colloids   


 Test relative stability of intrinsic Pu  colloids as function of temperature at 25 oC and 80 oC 


 pH8 buffer solution, 1g /L of montmorillonite, and 1kD pore size dialysis membrane 


 


Temp. controlled 


Water Bath Shaker  


500 mL Teflon jar 


w/ dialysis bag 


Cross dialysis  


membrane 
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Temperature dependence on 


“amorphous” PuO2 stability 
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 At the lowest concentration, “amorphous” PuO2 colloids appear to be unstable 


 At highest concentration, equilibrium between PuO2 and Pu colloids and Pu-montmorrillonite is 


achieved (i.e. solubility limited) 


 Colloids are less stable at higher temperature 
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PuO2 calcined at 300C, [Pu]initial = 2E-7 M


PuO2 calcined at 800C, [Pu]initial = 6E-8 M


 “Peptized” and calcined PuO2 is 


much more stable than “amorphous” 


PuO2 


 Dissolution of calcined PuO2 was not 


detectable after 3 months 


 They appear to be “insoluble” 


at these timescales 


 


 


 







Used 


Fuel  


Disposition  


1E-12


1E-11


1E-10


1E-09


1E-08


1E-07


0 20 40 60 80 100


P
u


 i
n


 c
la


y
/b


u
ff


e
r 


s
o


lu
ti


o
n


, 
M


 


Sampling time, days 


Amorphous PuO2, [Pu]initial = 2E-7 M, 80C


Crystalline PuO2, [Pu]initial = 8E-8 M, 80C


PuO2 calcined at 300C, [Pu]initial = 3E-9 M, 80C


PuO2 calcined at 800C, [Pu]initial = 2E-7 M, 80C


PuO2 dissolution as a function of time,  80 ºC 
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 Similar patterns observed at 80 ºC 
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“Amorphous” PuO2 composed of  


3-5 nm PuO2 nano-crystals 


(a) Low magnification bright-field TEM image of PuO2, the inset is 


corresponding select-area electron diffraction pattern  


(b) A HRTEM image of PuO2, the inset is a FFT of the image 


(c) X-ray EDS spectrum shows typical PuO2 FCC crystal structure 
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Peptized PuO2 (0.1 M HNO3 at 80 ºC) yields 


nano-aggregates of 3-5 nm PuO2 nano-


crystals 


(a) Low magnification bright-field TEM image of intrinsic Pu colloids.  


(b) A corresponding select-area electron diffraction pattern shows FCC crystal structure.  


(c) An enlarged TEM image of Pu colloides.  


(d) HRTEM image of the individual Pu colloid enclosed in the white box marked on the 


image (c), where inset is FFT of the image. 


• Individual nano-crystals 


are in the 3-5 nm range 


• Well ordered 


aggregates of these 


nano-crystals produce 


~20-50 nm colloids  
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HRTEM image of peptized PuO2 


(0.1 M HNO3 at 80 ºC) 


• Individual nano-crystals 


are in the 3-5 nm range 


• Alignment of individual 


nano-crystals suggest 


larger-scale ordering 


(and resulting 


stabilization of intrinsic 


nano-particles) 
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PuO2 calcined at 300 ºC PuO2 calcined at 800 ºC 


SEM image of PuO2 calcined at 300 


and 800 ºC 


Calcined PuO2 exibits single crystallite size distribution from 10 to 


>100 nm as well as micron scale structure 


Large crystallite size leads to increased stability/slower dissolution 


rates 
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Summary 


 “Amorphous” Pu colloids tend to dissolve quickly.  They are not as stable as 


we thought and unlikely to promote colloid-facilitated Pu transport 


– Elevated temperatures increase dissolution rates 


 “Peptized” PuO2 colloids appear to be stable over  much longer timescales 


– May promote colloid-facilitated transport 


 PuO2 calcined at 300 and 800 ºC yield extremely stable PuO2 solids 


– Grain size is much larger though individual crystallites may fall in the colloidal size range 


– May promote colloid-facilitated transport 


 


 The stabilities of “crystalline” to “amorphous” PuO2 vary substantially 


– Higher repository temperatures may yield more stable intrinsic colloids 


– Role of fluid composition likely to affect crystallinity/stability significantly 
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Used Nuclear Fuel Assemblies 


• Consist primarily of square arrays of zircaloy cladding 
tubes containing highly-radioactive, heat-generating 
UO2 pellets and fission-product gases  


• The cladding is the primary confinement component 
– Its ductility must be preserved so the assembly can be safely 


transported and processed, even after long-term storage.   


– If its post-reactor temperature exceeds ~400°C, then Radial 
Hydrides may develop, which radically reduce its ductility  


Cladding 


Fuel Rod 


PWR 







Used Fuel Transfer/Drying Operations 


• After removal from a reactor, used fuel is stored underwater 
while it radioactivity and heat generation rates decrease 


• After sufficient time, a canister, containing a support basket, is 
placed in a transfer-cask, lowered into the pool, loaded with 
fuel, covered, lifted out, and drained while helium (He) gas is 
pumped in. 


• Before the canister is sealed, the remaining moisture must be 
removed to reduced the risk of corrosion or formation of 
combustible hydrogen/oxygen mixtures. 







Vacuum Drying 
• During the drying operation, water is 


circulated within a gap between the 
canister and cask to cool the canister 


• He gas is evacuated from the canister 
(using the shown pumps) in stages, to 
pressures as low as 0.7 Torr (100 Pa) to 
vaporize and remove remaining water.  


• The process continues until the canister 
can meet the technical specification 
– Hold a 5-torr vacuum for 30 minutes  


– Indicates very little water is vaporizing 


• Vacuum drying “usually” takes 
– 12 to 24 hours for metal matrix baskets 


– 80 to 100 hours if Boral is used 


• This process is simple, but removing 
high-conductivity helium may raise 
cladding temperatures 







Cladding Temperature During Drying 


• The cladding may experience its highest 
temperature during the drying process 


– This is the first operation when the fuel is removed from 
a water-cooled environment, and its heat generation 
rate is still relatively high 


– Increasing the time the fuel spends underwater 
decreases the heat generation rate and cladding 
temperature during the drying process 


• We wish to determine how long the fuel must 
spend in the pool so that the cladding will not 
exceed it temperature limit during drying 


– Accurate methods must be developed for predicting 
cladding temperature during low-pressure drying 
operations for a range of fuel heat generation rates.   







Predicting Clad Temp. During Drying 


• 24-PWR Transfer Cask thermal model (ANSYS/Fluent) 
– Two-dimensional, 1/8th cross section with symmetry boundary conditions 


– Outer surface at 101.7°C (conservatively simulates boiling water gap) 


• Geometrically-accurate fuel regions and gap between basket 
and shell  


• Heat Generation within the UO2  
• Conduction within all solid and He-filled regions 


• Surface-to-surface radiation across He-filled regions 


Helium 


Geometrically-Accurate 


UO2, Zircaloy, He 
Aluminum 


He 


Gaps 


Stainless 


Steel 







Atmospheric-Pressure Results 


• Peak clad temperature TPC   


– Located near the center of the innermost 
assemblies 


– Increases with fuel heat generation rate, Q 


– Reaches TRH = 400°C at QL ~ 2800 W/assembly 


• This analysis is similar to that performed for 
pressurized storage and transport systems 
but neglects natural convection 


 


r 


2600 W/assembly 


TPC = 350°C 







Low Pressure Effects 
• Natural Convection 


– Gas motion is driven by the ratio of buoyancy to viscous 


forces, which is characterized by the Grashof number  


• Gr = gDTL3r2/m2TMean 


– Decreases significantly as r decreases 


– Neglecting natural convection is justified 


• Gas Conduction 


– Reducing gas pressure from 1 ATM (105 Pa) to 100 Pa 


reduces thermal conductivity by no more that 1%  


– Neglecting conductivity change is justified 


• Possible Gas Rarefication (non-continuum) 


– Package vendors currently do not include this 







Gas Rarefication  
• In a low pressure and density gas, individual 


molecules travel “considerable” distances 
before encountering other molecules  
– A molecule’s speed may therefore be 


significantly different from those surrounding it 


– The gas may not act as a continuum 


• The validity of the Navier-Stokes equations used in 
CFD calculations is challenged at low pressures 
because they assume the fluid acts as a 
continuum.  That is, the fluid speed and 
temperature must 
– Vary continuously within the fluid volume  


• no abrupt changes 


– Be the same as solid surfaces they encounter 


 


 







Surface Thermal Accommodation 


• As the pressure decreases molecular collisions with the 
wall become relatively more important compared with 
those with each other 


• The Thermal Accommodation Coefficient a 
characterizes how much a molecule’s energy is affected 
by interacting with a wall 
– Not important when the gas acts as a continuum 


• Usually found from measurements 
– For “engineering” surfaces a primarily depends on gas 


composition and temperature  
• not wall composition or surface finish 


– For dry helium with TWALL = 25 to 400°C 
•  a ~ 0.4 to 0.25 


 
 


EIn 


EWall 


EReflect 


𝛼 =
𝐸𝑅𝑒𝑓𝑙𝑒𝑐𝑡 − 𝐸𝐼𝑛


𝐸𝑊𝑎𝑙𝑙 − 𝐸𝐼𝑛
 







Non-Continuum Behaviors 
• As the pressure decreases, the continuum 


approximation breaks down 
– At moderately low pressures, it breaks down 


near interfaces with walls  
• The gas temperature and velocity are not the same as the 


surface’s (velocity slip, temperature jump) 


• May be modeled using Navier-Stokes questions with 
special temperature and velocity boundary conditions at 
the walls 


– At much lower pressures, it breaks down 
within the gas volume 


• Must be modeled using the Boltzmann Equation  
– Use the Discrete Velocity (DE) method in simple geometries or 


Direct Simulation Monte Carlo methods (DSMC) in complex ones 


• Computationally intensive 







Moderately-Rarified-Gas Temperature-Jump 


• The temperature-jump (TJ) at the interface 
between the solid and gas increases with heat 
transfer rate Q 


• Acts like a thermal resistance 
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Temp Jump Thermal Resistance 


• Increases as gas pressure P decrease and wall 
temperature, TWALL increases 


• kB  = Boltzmann Constant 


• Gas properties  
–  k   = conductivity  
–  d   =  effective molecular diameter 


•  d = 2.33 or 2.175 Å for He from different models 


•  zT  = Temperature Jump Coefficient 


– Fluent has a built in utility that uses 𝜁𝑇 = 2
2−𝛼


𝛼
 


• Increases as a decreases (less thermal accommodation) 


– This dependence is the topic of ongoing research 
• There are more reliable ones in the literature 


• Use Fluent’s rarefied gas model to predict clad 
temperatures 


𝑅𝑇𝐽 = 𝜁𝑇
𝑘𝐵𝑇𝑊𝑎𝑙𝑙


2𝜋𝑃𝑑2


1


𝜅𝐴𝑊𝑎𝑙𝑙
 







Fluent Rarefied-Gas Simulation 


• For Fluent’s model with a = 0.4 and d = 1.90 Å 
– The rarefied gas cladding temperatures are 20°C hotter than 


the continuum-model values 
• This difference depends on a, d and temperature jump model 


– The heat generation rate that brings the cladding to 400°C is 
~10% lower than that from the continuum model 


• Are these results accurate?  
– Compare to Boltzmann simulations and experiments 


2600 W/assembly 







Simple Model Problem Comparison 


• Concentric Cylinders : RI = 0.5 cm, TI = 330K, RO = 1.0 cm, T0 = 300K, a = 1 


• Solve the Boltzmann Equation using the Discrete Velocity Method  
• Red dots (Professors Pantazis, Valougeorgis, Graur) 


• Fluent Simulations with the Willis Temperature Jump-Coefficient  


– 𝜁𝑇=
𝜋𝛾


𝛾+1 𝑃𝑟


2−𝛼


𝛼
+ 0.17  


• Gas Prandtl Number: 𝑃𝑟 = 𝜇𝑐𝑝 𝑘  


• Gas ratio of specific heats 𝛾 = 𝑐𝑝 𝑐𝑣  


• Green line 


• Willis model fits the Boltzmann equation solution to surprisingly low 
pressures 
– more accurately than the Fluent Model (not shown) 


RO, TO  


RI, TI  


Q 


P 







Concentric Cylinder Experiment 


• Perform experiments with constant outer surface 


temperature, TO and rod heat generation rate Q 


• Measure increase of inner cylinder temperature TI as 


the helium gas pressure P decreases. 


– And temperature jump thermal resistance increases   


Aluminum 


Heater Rod 


Including Element 


and TCs 


Stainless Steel Surfaces 


Helium Gap 


Insulation 


Water Jacket 


Thermocouple (TC) Locations 







Expected Results 


• The temperature difference between the inner and outer walls 
were calculated using the Willis temperature jump model, with 
the outer wall at 300°C, Q = 50 W, and a = 0.4 and 1 
– These differences are “measurable”  


• Measurements under the same (and other) conditions will be 
acquire during the next several months. 


• Comparison of measured temperature differences with these 
simulations will determine an appropriate thermal 
accommodation coefficient a. 







Experiment Construction 


• The containment vessel, including seals and 


feedthroughs for heater power and 


thermocouples, has been constructed 


• A double helix coolant jacket will be added 


• The inner heated aluminum cylinder is being 


constructed 







Heated Rod Array Experiment 


• Similar to one that was constructed for earlier DOE-funded 
research (shown) 
– Enclosed in a temperature-controlled stainless steel pressure 


vessel 
– Similar to a BWR fuel assembly  


• Boltzmann Equations simulations of this complex-
geometry will employ  
– The Direct Simulation Monte Carlo (DSMC) method (Professor 


Stefanov) 
– The thermal accommodation coefficient measured in the 


concentric cylinder experiment 







Summary 
• Computational methods to predict used fuel 


cladding temperatures under vacuum drying 
conditions are being developed and 
experimentally verified in simple and complex 
geometries. 


• The simulation methods include: 


– CFD simulations with special boundary conditions 


– Boltzmann Equation solutions using the Discrete 
Velocity and the Direct Simulation Monte Carlo 
Methods 


• The benchmark geometries include: 


– Gap between concentric cylinders 


– Array of heated rods within a square enclosure 







Questions 


• Miles Greiner 


– greiner@unr.edu 


– (775) 784-4873 



mailto:greiner@unr.edu
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EBS Program 
 Experiment characterizations (CEC, cation exchanges, expandability). 
 Quantify alkali, alkaline earth cation effects on montmorillonite reactivity. 
 Provide information on complete repository thermal pulse event, using long-term 


(6 month) experiments. 
 Investigate the Fe-saponite, chalcocite growth at metal interface with bentonite. 
 Further investigation of SiO2 precipitation and aluminosilicate formation. 


International Program 
 Characterize the bentonite-20% H2O reaction products (Collaboration with LBNL). 
 Investigate bentonite-Opalinus Clay-metal interaction. 


FY’13-FY’14 Objectives 
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300 ºC; 6 weeks 
EBS14: Opalinus Clay 
EBS15: Bent+Opalinus+316SS 
EBS17: Bent+Opalinus+Cu 


Experimental Reactants  
• Unprocessed, Wyoming bentonite 


• K-Na-Ca-Cl solution -- Stripa V2 


• Opalinus Clay, Mont Terri, Switzerland 
• Na-Ca-K-Cl-CO3-SO4 solution -- Opalinus 


66 weeks experimentation 
 K, Ca, Li Cation Exchange 
 NH4 – CEC Determination 
 Electron Microscopy 
 Microprobe Chemical 
 Solution Chemistry 
 150+ XRD analyses 


300 ºC; 6 months 
EBS13: 316SS 
EBS16: Cu 


Heating Conditions 
• ~160 bar; 120 to 300ºC; 5 weeks 
• ~160 bar; isothermal 300ºC; 6 weeks 
• ~160 bar; 300 to 120ºC; 24 weeks 


12 capsule experiments 
 differing solution chemistry 


20 capsule experiments 
 differing solution chemistry 
 various rock types 
 corrensite, gypsum 


316L SS 


Low-C 
Steel 


Copper 
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Interlayer ΔGhydration % Expandable 


Cation kJ mol-1 Bentonite Ramped Isothermal “Dry” 


K+ -337 93 94 96 ~93 


Na+ -411 100 100 100 100 


Li+ -511 n.d. 98 100 100 


Ca2+ -1593 98 96 98 n.d. 


CEC  meq/100 g 73(5) 69(5) 71(3) n.d. 


Bentonite-Host Rock Reactivity 


Bentonite evolution at elevated pressures and 
temperatures: An experimental study for generic 
nuclear repository designs, In Press, American 
Mineralogist (2014). 


Opalinus Clay 
• Kaolinite altering to analcime 
• Breaking down pyrite yielding Fe2O3 
• CO2 and H2S generated 


Bentonite  
• No illitization during 6 month test 
• Analcime formation 
• Silica precipitation 
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Corrosion Products  
Fe-smectite and chlorite-steels  
Early stage  


 pentlandite ((Fe,Ni)9S8),  
 millerite (NiS) 
 pyrrhotite (Fe1-xS) 


Chalcocite (Cu2S)-Cu 
 


Corrosion rates: 42 days @ 300oC 
0.1 μm d-1 (43 μm a-1)  SS 
0.6 μm d-1 (214 μm a-1)  LCS 
0.8 μm d-1 (292 μm a-1)  Cu 


Corrosion Types 
Uniform corrosion  SS 
Pitting corrosion  LCS & Cu 
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• Continue with host rock-bentonite experiments and analyses. 


• Continue with post-maximum temperature cooling effects. 


• Quantify the thermodynamic properties of reaction products. 


• Evaluate the steel corrosion products’ chemical properties. 


• Thermodynamic constants 
• Radionuclide adsorption 


• Investigate radionuclide ‘getters’ for engineered bentonite buffers. 


• Develop a radiogeochemical-hydrothermal laboratory. 
• Radiological facilities can accommodate high Curie experiments. 
• Supporting analytical equipment exists. 
• Personnel with extensive experience in radiological studies. 
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Solution Calorimetry 


Chemical reactions enthalpies 


Reactions of interest  
 phase transformation, dehydration  
Steps in a thermodynamic cycle  
 enthalpy of formation 


Setaram AlexSYS-800 


Determination of:  


1. Decomposition/transition temperature 
2. Heat released or absorbed 
3. Mass changes 
4. Mineral heat capacities 


Differential Scanning Calorimetry 







Used 
Fuel  
Disposition  Future Work 


Thank You! 


Questions? 
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K Aqueous 
geochemistry 


 Na-K is exchanged. 
 Na-rich solution 


 Si increases incrementally 
with temperature. 
 Cristobalite saturated 


 Al increases at 300oC. 
 Mineral dissolution 


 Sulfur increases. 
 Primarily H2S form 
 Sulfide mineral 


K 


Na 
Na 


SiO2 


SO4 
Al 


Ramped Exp 


Ramped Exp 


300oC 


300oC 


300oC 
Ramped 300oC Ramped 


SiO2 
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06/04/2014 UQ methodology development Spring meeting 2 


The objective of this activity is to initiate 
the development of a UQ methodology to 
provide guidance on which data will have 
the greatest impact on meeting UFD ST 
R&D objectives. 


Objective 
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Meeting expectations 


n  Description of the work scope and technical details on the UQ 
methodology development. 


n  Description of mathematical framework. 
n  Description of the SCC model. 
n  Addressing cross-cutting gap. 
n  Identifying how existing experiments and models are anticipated 


to be used. 
n  Assign upcoming activities. 


3 


This workshop IS about reviewing the current activities:  


This workshop IS NOT about proposing solutions:  
n  NOT selecting or ranking activities. 
n  NOT discussing the gap analysis report priorities. 
n  NOT defining the work scope. 


06/04/2014 UQ methodology development Spring meeting 
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Agenda 
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Time Topic 
Today 
3:10PM-3:40PM Work scope presentation. (R. Dingreville, SNL) 
3:40PM-4:30PM Mathematical framework. (C. Sallaberry, SNL) 


4:30PM-5:00PM Discussions on UQ methodology. (All participants) 
Tomorrow 
08:00AM-08:20AM Using PCMM as a communication tool. (R. Dingreville) 
08:20AM-09:00AM SCC model. (C. Bryan) 
09:00AM-09:50AM Discussions on how development of SCC model. 


(All participants) 
9:50AM-10:10AM Break 
10:10AM-11:30AM Addressing cross-cutting gap. (All participants) 
11:30AM-12:00PM Action items. 


06/04/2014 UQ methodology development Spring meeting 
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There is a need for a more complete UQ 
characterization than initially used in the Gap 
Analysis report 


5 


n  “An Uncertainty Quantification effort will be started this year to 
complement the prioritization of the Technical Data Gap Report. Given 
the large number of medium and high priority data needs that have 
been identified, the UQ effort will focus on the development of the 
methodology to provide guidance on which data, once obtained, will 
have the greatest impact on meeting the UFD ST R&D objectives. This 
will act to narrow the list of high and medium priority data gaps that 
need to be addressed with limited resources.” 
[FY14 work packaging planning document, UFDC S&T Engineering Analysis] 


n  Two overarching objectives: 
1. Development of a methodology to quantify and characterize the 
uncertainty associated with the degradation mechanisms impacting dry 
storage operations and normal conditions of transport. 
2. Demonstrate the effectiveness of this approach to rank the data gaps and 
parameters of interest. 


06/04/2014 UQ methodology development Spring meeting 
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This activity: 10,000 ft view 


6 


n  Uncertainty focused system analysis: 
–  Analyze high/medium priority data gaps to determine biggest impact. 
–  Increase fidelity and accuracy of overall system response. 
–  Address candidate high/medium priority gaps analysis only when/if possible. 
–  Provide a framework that can be continually built by additional models/


experimental data to provide useful engineering guidance quickly. 


n  Integration within the UFD campaign: 
–  Help document/verify the overall responses of storage and transportation of 


current and future used fuel for DOE/NRC use. 
–  Strong technical bases for risk and safety analysis. 
–  Reduce costs by focused model development and experimental data based on 


UQ analysis. 
–  Help inform experiment and model design. 
–  Accelerate the development of technical bases for fuel retrievability and 


transportation after long storage. 


06/04/2014 UQ methodology development Spring meeting 
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The proposed conceptual UQ methodology provides a 
clear path from formal description to computational 
implementation to written documentation 


1.  Identify performance characteristics: 
SCC (technical gap) / thermal profile (cross-cutting gap) 


2.  Understand performance threshold and requirements and frame it into 
a mathematical framework. 
See Cedric Sallaberry’s presentation to follow. 


3.  Analysis of the composition of available data: experimental and 
numerical. 
See Charles Bryan’s presentation tomorrow. 


4.  Perform preliminary decision making analysis. 
 


5.  Identify performance characteristics with insufficient data. 


7 


Work scope plan: 


•  UQ to vary each possible issues/concern/question with the handling/transport model, 
the data needed to support it, data needed to validate it and see which ones have the 
most impact on the overall figures of merit. 


•  This type of approach has been used for NW (LEP). 


06/04/2014 UQ methodology development Spring meeting 
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Milestones and activities 
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Assemble 
team 
Formulate 
approach 


1/31/2014 9/15/2014 


1. Performance 
characteristics 


8/22/2014 4/15/2014 


6/30/2014 


2. Mathematical 
framework 


3. Analysis of composition of data 


4. Perform analysis 


Development of UQ methodology 


5. Pilot study 


Report on 
methodology 
(M4) 


8/1/2014 


06/04/2014 UQ methodology development Spring meeting 







Used 
Fuel  
Disposition  


Existing Gap prioritization report 


9 06/04/2014 UQ methodology development Spring meeting 


n  UFD gap reports: 
–  Gap Analysis to Support Extended Storage of Used Nuclear Fuel (FCRD-USED-2011-000136 Rev. 0 


PNNL-20509) 
“This report documents the initial gap analysis performed to identify data and modeling needs to develop the desired 
technical bases to enable the extended storage of UNF” 
 


–  Used Nuclear Fuel Storage and Transportation Data Gap Prioritization (FCRD-USED-2012-000109 
PNNL-21360) 
“The primary purpose of this report is to document the methodology and results of a more quantitative analysis used 
to prioritize the Medium and High priority data gaps from the initial Gap Analysis” 
 


–  Review of Used Nuclear Fuel Storage and Transportation Technical Gap Analyses (FCRD-
USED-2012-000215 PNNL-21596) 
“In order to verify that the UFDC identified all of the technical gaps and properly prioritized them, this report was 
commissioned to compare the UFDC Gap Analysis and UFDC Gap Prioritization reports to those recently published 
by others…” 
 


n  Other gap reports: 
–  NRC, 2012: Identification and Prioritization of the Technical Information Needs Affecting Potential 


Regulation of Extended Storage and Transportation of Spent Nuclear Fuel, Draft for comment. 
–  EPRI, 2011: Extended Storage Collaboration Program (ESCP) Progress Report and Review of Gap 


Analyses. 
–  IAEA, 2002: Long Term Storage of Spent Nuclear Fuel - Survey and Recommendations. 
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Existing Gap prioritization report 
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Work scope plan 


1.  Identify performance characteristics. 
 


2.  Understand performance threshold and requirements and frame it into 
a mathematical framework. 
 


3.  Analysis of the composition of available data: experimental and 
numerical [more discussions this afternoon]. 
 


4.  Perform preliminary decision making analysis. 
 


5.  Identify performance characteristics with insufficient data. 
 


01/22/2014 UQ methodology development workshop 11 
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1. Identify performance characteristics 


n  Regulations for storage of spent nuclear fuel are set forth in Title 10 of the 
Code of Federal Regulations (10 CFR) Part 72. 


 
n  Revisit NRC requirements to frame and formulate them into QUANTIFIABLE 


METRICS. 
–  Convert regulatory requirements (regulatory verbiage) into a conceptual and computational structure 


(mathematically defined metrics) 
–  Permits meaningful uncertainty and sensitivity analyses and establishes compliance (or non-compliance) 


with those requirements. 
–  Enables comparing requirements on the same scale (normalization). 
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Objectives 
Retrievability 
Containment 
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SCC performance requirements 


n  10 CFR.72: defines confinement systems as follows: “Confinement systems means those systems, including 
ventilation, that act as barriers between areas containing radioactive substances and the environment.” 


 
n  10 CFR 72.166 requires for all activities, including storage, the establishment of measures to prevent damage 


or deterioration: “When necessary for particular products, special protective environments, such as inert gas 
atmosphere, and specific moisture content and temperature levels must be specified and provided.” 


n  Regulatory guidance is provided in NUREG-1536 and NUREG-1567. 


n  Welded storage canisters are designed and tested to be “leak tight”, with all of the newer canisters using the 
ANSI N14.5-1997 definition of “leak tight” (leak rate ≤1.0 x 10-7 reference cm3/s). 


n  Meyer et al. (2013) cited compilations of SCC flaw characteristics which indicate a mean crack opening 
displacement for SCC flaws of 16–30 µm.  For comparison using the equations and data in ANSI N14.5-1997, 
the leak rate through a 16 µm diameter round hole in a 0.5 inch thick canister wall under reference conditions 
is 3.9 x 10-4 atm·cm3/s.  Note that exceeding the leak rate limit does not necessarily lead to exceeding the 
dose limits of 10 CFR 71.104 and 72.106 but do represent failure to meet the licensing condition.  


n  The UQ analyses will use the performance requirement of no through-wall SCC 
penetrations.  
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1.  Identify performance characteristics. 
 


2.  Understand performance threshold and requirements and frame it into 
a mathematical framework. 
 


3.  Analysis of the composition of available data: experimental and 
numerical [more discussions this afternoon]. 
 


4.  Perform preliminary decision making analysis. 
 


5.  Identify performance characteristics with insufficient data. 
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Work scope plan 
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ST Field Demo Support - ANL


 FT-14AN080202 ($250K)


– Aging management
– Advanced surveillance technology


 M4FT-14AN0802021 (9/30/2014)


– Address stakeholder comments and update Managing Aging Effects 
on Dry Cask Storage Systems for Extended Long Term Storage and 
Transportation of Used Fuel, Rev. 1, FCRD-UFD-2013-000294, ANL-
13/15, September 30, 2013  
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Rev. 1 Aging Management Report
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 Provides a framework for establishing the 
technical basis for extended storage and 
subsequent transportation of used nuclear fuel


 Relies on knowledge of aging degradation 
mechanisms and inspection & monitoring to 
detect aging effects


 Contains seven (7) recommended aging 
management programs (AMPs) and six (6) time-
limited aging analyses (TLAAs) for important-to-
safety structures, systems and components  
(SSCs) of all dry cask storage systems currently 
in use in the U.S.


 Rev. 1 report issued in Sept. 2013 for comments 
by stakeholders; update and incorporate changes 
into Rev. 1 by Sept. 30, 2014.
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Stakeholder Comments on Rev. 1 Report
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 Comments solicited from potential stakeholders via EPRI’s Extended Storage 
Collaboration Program (ESCP, Shannon Chu) on Nov. 7, 2013, with period 
ending March 31, 2014


 Over 200 written comments received from stakeholders representing 
industry, utilities, government, national laboratories, and Germany


 Majority of comments registered using the DOE comment form


 Additional comments also received after meetings with industry/NEI and NRC 
staffs at Argonne on May 20-21, 2014 
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Comments by Organizations
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 Industry (AREVA TN, EPRI, NEI, private consultant)


 Utilities (Diablo Canyon, Energy Northwest, Exelon, 
Maine Yankee Nuclear)


 Government (U.S. NRC)


 U.S. National Laboratories (Oak Ridge, Sandia)


 Gesellschaft für Anlagen- und Reaktorsicherheit mbH, Germany
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Comments by Types
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 Overall assessments not requiring a response (4)
 Typographical errors (8)


 Structure, format, and minor wording changes (23)
 Changes or additions to references (7)


 Specific technical errors and updates (34)
 Technical content and interpretation (122)


 Suggestions for further information/elaboration (6)
 Other (2)
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Comments by Focal Areas
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 Interpretations of 10 CFR 72 and related NRC regulatory requirements


 Definitions of environments, aging mechanisms, and aging effects


 Specific content in recommended AMPs and TLAAs with respect to 
aging management activities and analyses


 Difficulties in performing inspections, condition monitoring, and other 
aging management activities in terms of accessibility and hostile 
environments


 Descriptions of dry cask storage systems
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Comments by Rev. 1 Chapters


8


 General (6)
 Executive Summary and Acronyms (13)
 Chapter I: Introduction (44)
 Chapter II: Definitions and Terms (22)


 Chapter III: TLAAs (37)
 Chapter IV: AMPs (52)
 Chapter V: Application of AMPs and TLAAs (33)*


 Appendix: Quality Assurance (0)


*Expect to receive additional comments from cask vendors  
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Sample Comments (1/2)
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NEI 14-03: Industry Guidance for
Operations-based Aging 
Management for Dry Cask Storage
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Sample Comments (2/2)
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NRC plans to update NUREG-1927 
and issue a NUREG report on 
Storage Aging Management (SAM)
in 2015
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Resolution of Comments and 
Update of Rev. 1
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 Separate meetings held with NRC and industry to discuss 
resolution of comments at Argonne on May 20-21, 2014. 


 Additional comments were received from industry and NRC during 
and after the meetings and more comments are expected.  


 All comments and resolutions will be compiled into a compendium 
volume to the updated Rev. 1 report.


 Updated Rev. 1 (e.g., Rev. 1a) may evolve with industry activities 
as OEs, R&D, monitoring and inspection results and assessments 
accumulate in the next few years. 
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AMP IV.M5: Canister/Cask Internal 
Structural and Functional Integrity 
Monitoring*
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 Conformance with six (6) 
USNRC Interim Staff 
Guidance (ISG) documents 
(e.g., ISG-11, Rev. 3)  


 Thermal modeling


 Monitoring and inspection


 Confirmation HBU integrity 
via Demo


*1st Inter. Conf. on Ageing of Materials & Structures, Delft, the Netherlands, May 26-28, 2014
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Hydride Morphology and DBTT in High-burnup 
M5® Cladding (as-irradiated and after simulated drying at 
400oC based on ANL’s ring compression tests) 
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This image cannot currently be displayed.


This image cannot currently be displayed.
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Thermal Modeling of Storage Cask ─
3D FLUENT CFD


14X
Y


Z
X


Y Z


 Determine peak cladding temperature (PCT)
and canister surface temperature (CST) 
as a function of
− SNF heat load
− fill gas conditions (e.g., vacuum, 


helium, air, pressure)


 Optimize SNF loading pattern in cask such that 
PCT ≤ 400oC; σh ≤ 90 MPa


 Determine canister surface location for 
temperature measurement   


Fill Gas / pressure 
(atm)


PCT (oC) / (Z/L) CST (oC)
Canister top


Vacuum -- / -- --


He / 6 -- / xx T


He / 1 -- / yy --


Air / 1 -- / zz ∆T
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Remote Area Modular Monitoring 
(RAMM) - Patent Pending
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 Multiple sensor suite [T, humidity, radiation (G/N), seal 
(tamper indication), light. shock] on expandable platform


 Wired Ethernet connection, Power-over-Ethernet (PoE) 
and batteries


 Multiple communication bandwidths 
(cellular & satellites)


 Monitor critical facilities & SNF dry casks


Prototype RAMM Unit
http://embedsoftdev.com/embedded/wireless‐sensor‐network
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ARG-US (“Watchful Guardian”) 
RAMM for Dry Cask Monitoring
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Summary


 Over 200 comments received from stakeholders on the Rev. 1 aging 
management report. Meetings were held at Argonne with NRC and 
industry/NEI to discuss resolution of comments on May 20-21 2014.


 The Rev. 1 report will be updated by September 30, 2014; all comments and 
resolutions will be compiled into a compendium volume.


 Updated Rev. 1 (e.g., Rev. 1a) report may evolve with industry activities as 
OEs, R&D, monitoring and inspection results and assessments accumulate in 
the next few years.


 By heavily leveraging EM work on advanced surveillance technology, a remote 
area modular monitoring (RAMM) system is being developed for monitoring 
dry cask storage systems during extended storage.
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