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gseld Fuel Matrix Degradation Model (FMDM):
oe Version 2: being integrated into GDSA

Disposition

B Develop model to calculate the degradation rate of used fuel based on
fundamental principles (thermodynamics, electrochemistry, radiolysis).
— Base Model FMDM V.2: Jerden et al., 2015, Journal of Nuclear Materials, v.462

W Sensitivity calculations to identify key processes affecting fuel
dissolution rate: dominated by interfacial H, reaction

— Documented in Jerden et al., 2015, Journal of Nuclear Materials, v.462

® Using FMDM V.2 to develop interface with Generic Disposal System
Analysis (Performance Assessment)
— Prototype link: GDSA model integration sessions
— Build on current success
— Document and address integration challenges





Used FMDM 2016 Priorities:

[F)lfseg,osition Key Processes Affecting RN Source Term

B Quantify H, effect in the presence of poisons:

— H, reactions effectively “turn-off” fuel oxidative dissolution (in FMDM V.2)
— H, effect inhibited by Br and possibly other poisons: sulfate/sulfide (ANL data)
— Need new module FMDM V.3 accounting for poisons (will not affect GDSA link)

B Corrosion of in-package steel components:

— Quantify feedback between steel corrosion within package and fuel dissolution
— Radiolytic oxidants, redox fronts determine H, concentration and RN mobility

B Evolution of reactive surface area:
— Needed to quantify RN fractional release rates





FMDM V.2 Sensitivity Runs

Burn-up, Dose Rate Effect (500 — 1 Rad/s)
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Key Processes Quantified in FMDM

Corroding Steel

FMDM V.2
(prototype lin
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Hydrogen Effect: Electrochemical Tests

(2015 Scoping Experiments)

B Electrochemistry of surrogate NMP electrode: Rug;Mo,,Rh,,Pd,;Tc,
— Role of Br (others) in poisoning catalysis on NMP

0.35
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—ocd Key In-Package Feedback:

Disposition A more complete quantification of H, effect

B Results from FMDM with prototype steel module

Fuel
-02mM=E  Surface concentration
siiimor Hy inhibits oxidative

Distance From Fuel Surface (cm)





Performance Fuel Matrix Degradation Model V.2
Assessment (Used to identify sensitivities and develop interfaces)

Generic Disposal Existing Modules

System Analysis:
Arqillite, Crystalline

H, Effect on surface
potential by oxidation

on NMPs
Initial Call every
Solution GDSA Radiolysis
Chemistry: [REAAELSY
[H,] [O,] Burnup — Dose
[COs%] [Fe?] Rate Function
Burn u
Temperatzre Temperature
Dependent Rates
Effects of [H,] [O,]

[CO;2%] [Fe?*] on
surface potential

Fuel

Radionuclide Degradation

SELE Phase Formation






Performance Fuel Matrix Degradation Model V.3
Assessment (adding key processes does not affect GDSA link)

Generic Disposal Existing Modules New Modules
Systefm Analysls: H, Effect on surface (prototypes modules tested)
Argillite, Crystalline potential by oxidation NMP
on NMPs : : . .
.. [Evolution of catalytic efficiency
Initial Call every ) ffide...)
Solution ‘GDSA Radiolysis (poisons Br, sulfate/sulfide...
Chemistry: [REAAELSY
[H,] [O,] Burnup — Dose Steel Corrosion
[CO,] [Fe='] Rate Function H, generation from corrosion
Teil:g renr :tz . T of in-package components
Dependent Rates
Radiolytic Redox Fronts
Effects of [H,] [O,] In-package redox fronts from
[CO,] [Fe*] on diffusion of radiolytic oxidants

surface potential

Fuel

Radionuclide . |
Source Term Cliiiavwaashll Secondary U(V1) Fuel reactive surface

Rate Phase Formation area evolution
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Discussion Slides
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Fuel Rods
(cladding
shown as
yellow)

Drift wall
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Used
Fuel FMDM Context

Disposition

B Expand FMDM to key in-package
processes that determine the
radionuclide source term.

— Example: KBS-3 Inner Fuel Canister
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Key In-Package Feedback:

A more complete quantification of H, effect

® Results from of FMDM with improved steel model (H,0,)

Progression of Redox Front from Radiolysis

Dissolved Concentration of ;07
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Experimental Studies of Sorption,
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Fuel Overview

Disposition

PART 1: Sorption Behavior of Thermally-treated Clay
« XRD of dry heated mineral phase
« CEC via BaCl
o Surface Area

PART 2: Swelling of Thermally-treated Clay
* Instrumental set-up

PART 3 : Diffusion Measurements

e High-pressure set-up
 New set-up

June 10, 2015 UFD WG Meeting





Used PART 1: Sorption Measurements on

Fuel
pisposition  thermally treated clays

Summary --lllite
XRD
» Low-high quartz transition at 500 C
» Slight contraction of d-spacing until 500 C
« >500 C d-spacing expands
By 1000 C, there is no remaining illite phase

» >50% drop in CEC upon heating
» Virtually no effect on CEC for:
 Open vs. closed
* Moistvs. dry
e Duration
« Changes in exchanged cation constituency reflects changes in mineral
pohases
Surface Area (SA)
» Both total SA (via Methylene blue) and external SA (via BET N2 adsorption)
decrease with heat-treatment temperature
o« ~ 20% of total SA is external SA (i.e., tactoid-tactoid) remains relatively constant
through 500 C

June 10, 2015 UFD WG Meeting





Used lllite -- XRD during dry heating shows

ruel mineral phase evolution
Disposition P
HT XRD results for: lllite <75um (Heating profile room temp = 1300°C = room temp, 50°C
increments in static air.)
% ) ]
i 33
: 2 4
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: |
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£ £ £ % g;
£l ) T |2 : :
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2015-5779-HT XRD





Used

PART 1: Sorption Measurements on

Fuel thermally treated clays
Disposition y y
lllite ‘
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Used PART 1: Sorption (CEC) Measurements on

Fuel
Disposition thermally treated clays

Summary --Montmorillonite
XRD
» Low-high quartz transition at 500 C
» Slight contraction of d-spacing until 500 C
By 800 C, there is no remaining montmorillonite phase

» Virtually no effect on CEC for:
 Open vs. closed
* Moistvs. dry
e Duration
« Changes in exchanged cation constituency reflects changes in mineral
phases
Surface Area (SA)
» Both total SA (via Methylene blue) and external SA (via BET N2 adsorption)
decrease with heat-treatment temperature
 ~ 3% of total SAis external SA (i.e., tactoid-tactoid)

June 10, 2015 UFD WG Meeting 7





Used Montmorillonite -- XRD during dry heating

Fuel shows mineral phase evolution
Disposition

HT XRD results for: Smectite <75um (Heating profile room temp = 1300°C = room temp, 20°C
increments in static air.)
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Used PART 1: Sorption Measurements on

Fuel th lly treated cl
Disposition y y
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Used PART 2: Swelling Measurements on

Fuel
pisposition 1 hermally-treated Clays

Oedometer swelling system
» Allows for Const. P or Const V swelling measurement
* Measures Pore Pressure, and displacement (via LVDT)

June 10, 2015 UFD WG Meeting
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Fuel PART 3:

Disposition

lodide diffusion behavior

Clay mineralogy

1:1 layer

o, —

) pP—

O¢g,00t —

M

Qoct ——
2:1 layer

A

\ A\ A v v

¥

N NANA
wa@mmﬂ

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. lodine redox -> oxyanions

3. Clays impurities

4. Nano-environments

June 10, 2015 UFD WG Meeting

Experimental conditions/results

Rheodyne
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€
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. . Anion Exclusion in Clays
Disposition

compaction
_h.
anion
diffusion
increase of
ionic strength
1 1: TOT-layer
< 2 : interlayer water
3 3+4 : interparticle water

3 : double layer water
4 : free water

L.R. Van Loon et al. / Applied Geochemistry 22 (2007) 2536—-2552

June 10, 2015 UFD WG Meeting
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Drawbacks of the HP, flow through
diffusion setup

* Long setup and experiment times
due to:
e Saturation
 Measurement of break-through
« Sampling resolution
« Sensitivity of diffusion process to
sampling interval
» Limited range of compaction
densities worked with the system

June 10, 2015

Rhecdyne
ammling valve

Fluid-fluid
separatorll

Jacketed
sample

ISCO
Pump A

Fluid-fluid
separatorl

Used solution

UFD WG Meeting





Used New Method of Pellet

Fuel -
Disposition Preparation
* Press pellet to desired compaction density « Advantages over HP system
* Encase pellet in teflon sleeve with micro- * No clogging, sampling issues
porous hastelloy frits * Multiple pellets in parallel
* Load pellet-frit assembly into centrifuge » Faster end-to-end experiment
tube to saturate pellet cycle

e Old setup = 30 days
* New setup < 30 hours
* Flow-through diffusion set-up
* Freeze dry pellet
* Laser Ablation ICP-MS (LA-ICP-MS) for
2D distribution of elements LA-ICP-MS for Micro-Scae Elemental Mapping on Slids

[erT———

S tiermi 100 pm hole diameter

14
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International Collaboration:
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Used SKB-Task Force

qul N Engineered Barrier System (EBS); Modeling of
Disposition Groundwater Flow and Transport of Solutes (GWFTS)

Scope: The Task Force selects specific experiments made or to be performed by the Asp6 Hard
Rock Laboratory (HRL) for parallel modeling by more than one team participating in the Task
Force (TF). Selection of experiments must be performed in consultation with the Aspd HRL.

Task 1 - The LPT2 experiments, evaluation modeling

Task 2 - Aspo field tracer experiments, design modeling

Task 3 - The Aspd tunnel experiment, predictive/evaluation modeling
Task 4 - Tracer Retention and Understanding Experiments - TRUE-1,
predictive modeling

Task 5 - Integration of hydrogeology and hydrochemistry

Task 6 - Performance Assessment (PA) Modeling Using Site
Characterization Data (PASC)

Task 7 - Reduction of Performance Assessment uncertainty through site
scale modeling of long-term pumping in KR24 at Olkiluoto, Finland
Task 8 - Interface Engineered and Natural Barriers

Task 9 - Develop models that in a more realistic way represent solute
transport and retardation in the natural rock matrix.

e Tasks 1 through 7 - Completed
* Task 8(a,b,c,d,e) > Task 8 still ongoing!!!
e Task 9 - Currently Proposed

DOE UFD WG Meeting, Las Vegas, NV
June 9-11, 2015

Modelling Tasks

Source: SKB TF Documentation

2





Jsed SKB-Task Force

Fuel
Disposition Engineered Barrier System (EBS)

JOBJECTIVE: “Development of general and effective tools for the advanced
coupled THMC analysis of buffer and backfill behavior”

ATHM:
»Verify the capability to model THM processes in unsaturated as well as

saturated bentonite buffer and backfill materials

»Validate and further develop material models and computer codes by
numerical THM modeling of laboratory and field tests and compare modeling
results with measured results

»Evaluate the influence of parameter variations, parameter uncertainties and
model imperfections

**TF Aim: To support the long term work for making it possible to predict the normal
THM evolution of the buffer and backfill in the repository and their interaction with
the rock and the canister as well as with other system components. In addition to
the normal THM evolution the possible abnormal scenarios that may occur shall

also be considered.
Source: SKB TF Documentation

DOE UFD WG Meeting, Las Vegas, NV 3
June 9-11, 2015





Jsed SKB-Task Force

Fuel
Disposition Engineered Barrier System (EBS)

P } i om

 Current THM Tasks

]
forom T
siston b= 20w
Nambsr: 3.

3w

Homogenisation

P01 P03
P0Z|

P11_ |P13
|
P12

: Task 8 (BRIE)
Sénsitivity analysis Interaction natural/engineered barrier

DOE UFD WG Meeting, Las Vegas, NV Source: SKB TF Documentation
June 9-11, 2015
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Used SKB-Task Force
Fuel Engineered Barrier System (EBS)

Disposition

BRIE Experiment

Bentonite Rock Interaction Experiment (BRIE) Characterization of rock and installation,
hydration and dismantling of bentonite parcels

Goals:

Q An increased scientific
understanding of the
exchange of water across
the bentonite-rock interface

O Better predictions of the
wetting of the bentonite
buffer

L Better characterization
methods of the deposition
holes

Bentonite Parcels
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ections:
- 2.3m A
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Figure 6-11. Outline and final dimensions of bentonite parcels

DOE UFD WG Meeting, Las Vegas, NV

June 9-11, 2015

H17_B10, H17_B13, H18_B8

H18_B4

Fignre 7-15. Positions for samples (filled circles) close to RH sensors (open small civeles) for which water contents

were related to final RH readings
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Clay Hydration Modeling and
Micro-Porosity Evolution

B Relationships between swelling

clay micro-porosity and clay
hydration (Sedighi and Thomas
2014)

Connections with clay water
content and relative humidity
(RH)

Data retrieval from URL and
laboratory experiments

Sedighi and Thomas (2014)

sm

n.o.
c™il
n th dry

micro —
F sm

N,..o = Clay micro-porosity = 9} = water content
X, = Mole fraction of hydrated smectit

Fw,, = Formula weight of anhydrous smectite

n. = Number of H2Os in the interlayer

v, = Molar volume of H20 (interlayer)

Pay = Clay dry density
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DOE UFD WG Meeting, Las Vegas, NV
June 9-11, 2015

Data reported by Sedighi
& Thomas (2014)
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Jsed SKB-Task Force

Fuel
Disposition Engineered Barrier System (EBS)

JTHM — Homogenization

»Gaps, holes or inhomogeneous density distributions may prevail in the buffer or backfill
material

»How well can the bentonite self-seal and homogenize these anomalies?
»Development, calibration and verification of material models and modeling techniques!

Small scale swelling test: radial swelling

"--.
Models from Clay
Technology

=D

Large scale homogenization test

1000 Case 4

900 | | | Radial swe“ing Buffer homogenisation, SH1

800 | ) 20121217 to 2014-11-28
= 200 -===Modelled axial 10000 « P1 kPa
[ — === Modelled radial 15 5000 | P2kPa
& 600 + P3kPa
v . 8000 + P33kPa
o = = == Modelled radial 30 =
3 500 [ |+ P4kPa
g Modelled radial 45 % « P5kPa

100 — — - Modelled radial 60 i | paaeee

300 - 8 P Pa

. s .
200 Measured axial § o P1 modelled
— i P2 modelled .
100 Measured radial 15 @ e Source: SKB TF
Measured radial 30 :
0 -2 - - _ [anbiotiioored Documentation
0 20 40 60 80 100 Measured radial 45 ; P6 modslied
Time (days) Measured radial 60 1 10 100 wo 1o 100000
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JTHM — Prototype

»The goal is to predict the final state of the buffer in the deposition holes in the outer (now
excavated) section (DH5 & DH6) TH model with Code_Brigh

The prototype repository: Asp, 450 m 1:: T
deep IR
80 - ]

i

Field Model|]
WB524 (h=5.433m): r=0.585m; §=350" =+ — |7
40 |wB525 (h=5433m): r=0.685m; $=350°1 = - — |3
WB526 (h=5433m): r=0785m; $=350" — - — |7

Field Model|]
40 T|WBS535 (h=6.250m): r=0585m; ¢=180": —- — |3
WES536 (h=6.790m): r=0.100m; ¢=180": —- — |]

0 500 1000 1500 2000 2500 3000 3500
Time [days]

Source: SKB TF Documentation
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JTHM — Task 8 in GWFTS

> The Bentonite Rock Interaction Experiment (BRIE) at Asp6 HRL

1.5 yr

Symmetry axis

Near-field &

Intersection .
geometries \£
Orientation \L ;l
i
H

2D /1D /Rock matrix ———

_:',,;:5-4‘4“ ‘/: ——
a.;?_ ~— |
Source: SKB TF Documentation
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JTHC -The main focus of the “C” section was:

»"“To develop and test alternate porosity concepts that explain
fundamental properties like ion and water transport and swelling pressure”

»>“To assemble experimental data sets (literature and/or own experiments)
that allow testing of alternate concepts and assess so their relative merits”

»“To gain insight at the molecular scale of physico-chemical processes
within smectite interlayers (e.g., via MD simulations)”

»"“To further develop numerical tools that allow for a general
Implementation of these chemical aspects into a THM framework”

Source: SKB TF Communication
“Chemistry issues”
Dr. Urs Méader, University of Bern
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Engineered Barrier

System (EBS)

QTHC — benchmarks for modeling
Five experimental benchmark data sets:

Benchmark 1: Salt diffusion in
montmorillonite

Benchmark 2: Gypsum dissolution

in Na-and Ca-montmorillonite

035 mm

watersaturated
montmonllonite

gypsum source

Source: SKB TF Communication
“Chemistry issues”
Dr. Urs Méader, University of Bern

Benchmark 3: Ca/Naion
exchange in montmorillonite

documentation available

2 |

Force — -.“
transducer [ ‘ ] ‘ = 7 “I
Clay sample o 1
1} - = ‘1' PP
E ¥

Filters + semu-permeable membranes

100 mL circulating solution

Porosity concepts

Clay-solution interactions

Effects on swelling

B SKB TF Benchmark data and

through web-based access

Code/model development?

Benchmark 4: Multi-Component (adv-diff)
transport experiment in MX-80 comp. bentonite

P- infiltration

Benchmark 5: Diffusion of anions (Cl,
Se, I) through compacted bentonite

- Ml lectical
P- cerfining Conduchity
sample collacticn
in syrings

source reservoir target reservoir

all
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Fuel Modeling of Groundwater Flow and
Disposition Transport of Solutes (GWFTS)

Task 9A — Water Phase Diffusion Experiment (WPDE)
WPDE-1: HTO, Na-22,

ClI-36, 1-125, tracer TDE e e
injection on March 2012 3220 e

WPDE-2: HTO, Na-22, = @ 0'8 326

Cl-36, Sr-125, Ba-133 327

injection on January 2013

PP320

Predictive modeling
results will be presented
on October 2015 in

TDE boreholes PP321, PP322,
Kalmar, Sweden oreholes

PP324, PP326, PP327

Source: SKB TF Documentation
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QTHC — Future direction
»EXxperiments discriminating among concepts (e.g., diffusive transport)
»Interlayer chemistry
»HM-C coupling
» Soluble accessory phases that influence bentonite pore water composition
»Additional issues?

OTHC — DOE-LBL participation
»Benchmarking
»HM-C coupling
»Soluble accessory phases that influence bentonite pore water composition

UTHC — DOE-SNL participation
»Benchmarking
»Interlayer chemistry
»HM-C coupling
» Soluble accessory phases that influence bentonite pore water composition
»Additional issues: Temperature effects?

DOE UFD WG Meeting, Las Vegas, NV 13
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