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EXECUTIVE SUMMARY

The Spent Fuel and Waste Science and Technology (SFWST) Campaign of the U.S. Department of
Energy (DOE) Office of Nuclear Energy (NE), Office of Spent Fuel & Waste Disposition (SFWD) is
conducting research and developm@&.D) on geologic disposal of spent nuclear fuel (SNF) and-high
level nuclear waste (HLW). A high priority for SFWST disposal R&D is disposal system mo¢e(dig
2012 Table 6; Sevougian et al. 201Fhe SFWST Geologic Disposal Safety Assessment (GDSA) work
package is charged with developing a disposal system modeling and analysis capability for evaluating
genericdisposal system performance for nuclear waste aogec media.

This report describes fiscal year (FY) 2021 advances of the Geologic Disposal Safety Assessment
(GDSA) performance assessment (PA) developrgentips of the SFWST Campaign. The common
mission of these groups is to develop a geologic dispyst&#m modeling capability for nuclear waste
that can be used @ssesprobabilistically the performance génericdisposal options and generic sites.
Thedevelopingcapability, called GDSA Frameworlkemploys highperformance computing (HPC)
capable cods PFLOTRAN and DakotdheFY 2021 advances include:

1 Software and hardware infrastructurgull adoption and implementation of the Atlassian Jira
issue and project tracking software (SecBah1.); important improvements and additions t
the PFLOTRANquality assurance)A) test suite (SectioB.1.1.3; andincreased utilization of
new computing resources (Sect®i.1.3

1 Code performance improvemen@haracteristic curve smoothing to prevent PFLOTRAN
convergence problems when simulating doy (Sectior8.1.2.9; andimplementation of
advanced linear and nonlinear solvers in PFLOTRAN to greatlydspp calculationéSection
3.1.2.9

1 Process model developme8harpening o$trategies for developing and implementing coupled
process models in PEXTRAN for PA (Section3.1.3.); development of an implementation plan
for a buffer erosion and waste package corrosion model framework for GDSA(S2itB.3;
continueddevelopment of a flexible, PFLOTRABbmpatible fuel matrix degradation (FMD)
process model (Sectidhl.3.3 Appendix A); upgrades to the FMD surrogate models of the
MATLAB FMD process model (Sectiod.1.3.3 Appendix B; enhancements to tmeulti-
continuum modeling of coupled fractungatrix processes (Secti@nl.3.4; implementation of
new thermal conductivity models and dependencies (Se&tioB.5; implementation and testing
of a new smectitéo-illite transition reducedrder model (Sectio8.1.3.9; addition oftwo new
criticality-related models, a neutronics surrogate model and a spacer grid degradation model
(Section3.1.3.7; anddevelopment of a comprehensive biosphere model (Sextl0B.§

1 GDSA Frameworklevelopmenimprovementnd application of the neivext Generation
Workflow (NGW) graphical interface fo6DSA Frameworlsimulations (Sectio3.2.1);
visualization and local grid refinememsing VoroCrust (SectioB.2.2; uncertainy and
sensitivity analysis applications and methods (Se@&i@r8; leadership in international generic
performance assessment maugifor DECOVALEX-2023(Section3.2.4); development of a
Geologic Framework Modédbr crystalline rockoutcrops and overburde(Section3.2.5);
improved @neric reference case maglédr shale, crystalline, salt, and unsaturated alluvium host
rocks(Section3.2.6; andestablishment of th&eDSA Calculation Archive (Sectid®2.7)
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9 Outreach International engagement in DECOVALEX, geologic repository cluld generic
application collaborations facilitated by the open source and freely available PFLOTRAN code
(Sections3.3.1, 3.3.2 and3.3.3; executionof a virtual PFLOTRAN short course (Secti8r3.3;
andimprovements tohe GDSA Framework website (Sectidh3.4

1 Integration and planningAssessmentf the status of intelaboratory GDSA integration and
alignment of GDSA activities with priorities (Sectidjy and theupdate of the fyear plan for
disposalR&D (Sectionb)

The advances in PA modeling capabilities allow for emulation of fuel matrix degradation processes at
each waste package in a repository simulation, siiounlatf changes to buffer and disturbed rock zone
(DRZ) properties over time, improved simulation of heat fthve to new temperature dependencies
included in the calculation of thermal conductivityproved PFLOTRAN convergence for multiphase
systems andry out, andnore detailechssessment of total system performance. New methods allow for
guantitativebulk characterizatiowf flow and transporin regions affected by discrete fracture networks
and for simulating the interaction of fracture and matrocpsses. New modeling approaches include
advanced meshing capabilities, a new plan for simulating buffer erosion and waste package corrosion, and
development of a comprehensive biosphere model. Progress in simulation workflow, QA workflow,
process model epling workflow, and other forms of supporting infrastructure is expected to greatly
facilitate future model development, udgendliness, and user adoption.

An important responsibility of the GDSA team is to integrate with disposal R&D activitiessdbmes
SFWST Campaign to ensure that R&D activities supporpéntsof thegeneric safetpssessmentseing
developed. In FY 2021, the GDSA team continued to participate with other scientists and engineers at
LANL, LBNL, PNNL, ORNL, INL, ANL, DOE, and SNL in the development of new higmperature
modelcapabilities needed fqrossible direct disposal diiatpurpose canisters (DPCsfnWorks,

Geologic Framework Modgl FMD model integration, DECOVALE>2023 Task F performance
assessment, and advanced biosphere nmodel

Each yearGDSA Frameworkmproves as additional modelers and programmers from atbenaorld
use, apply, and contribute to its development. GB&#neworkcan be shareldecause the primary
codes, PFLOTRAN and Dakota, are open source, available for free download, and have supporting
documentation online. Outreach and collaborations stipgarimary objective of the GDSA work
package by facilitating testing of, and feedback on, PFLOTRANGIDEA Frameworland by

increasing the likelihood outside users will contribute directly to code development in the future.

The ability to simulate inerasingly complex repository reference cases continues to affirm that HPC
capable codes can be used to simulate important-phyics couplings directly in a total system safety
assessment demonstrati®eferencecaserepositoryapplicationsshow that PEOTRAN and its coupled
codescansimulate complex coupled processes in a rkilbimeter domain while simultaneously
simulating submeterscale coupled behavior in thieinity of eachmodeledwvaste packageContinued
developmenwill furtherenhance therpparedness d&DSA FrameworKlor applicationin the future

when transitioningo a program witrpotential sites.

This report fulfills the GDSA Framework Development Work Package Level 2 Milest@igSA
Framework Development and Process Model Integratid®SF21SN010304053.
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1. INTRODUCTION

The Spent Fuel and Waste Science and Technology (SFWST) Campaign of the U.S. Department of
Energy (DOE) Office of Nuclear Energy (NE), Office of Spent Fuel & Waste Disposition (SFWD) is
conducting research and development (R&D) on geologiod@mf spent nuclear fuel (SNF) and high
level nuclear waste (HLW). A high priority for SFWST disposal R&D is disposal system mo¢e(dig
2012, Table 6; Sevougian &. 2019) The SFWST Geologic Disposal Safety Assessment (GDSA) work
package is charged with developing a disposal system modeling and analysis capability for evaluating
genericdisposal system performance for nuclear waste in geologic media

The capability beingleveloped is a software package referred to as GDSA Framework. The primary
codes used bDSA Framework are PFLOTRAN and Dakota (Secfd). Each code is designéar
massivelyparallel processing in a higherformance computing (HPC) environment.

The purpose of the GDSA Framework Development work package is to develop a GDSA capability that:

1 Integrates updated conceptual models of subsystem processes andysaiglaioped under this
and other disposal research work packages

Is used to evaluate disposal research R&D priorities

Leverages existing computational capabilities (e.g., meshing, visualizdia) where
appropriateand

1 Is developed and distributed in an of®Eurce environment.

The longterm goal for the GDSA team is to develop a safety assessment capability that can simulate all
potentially importanfeatures, events, and processesHg for anumber of genericepostory
conceptgnvironmerd. Such a capability is years away, but a DOE timeline suggestspbdbamance
assessmenP@) model for a potential candidate site will likely not be nedulefdreat least 203TDOE

2013. Although the specific timing is more uncertain, continued advamaastimein computing speed,

and continued code developmeargeexpectedo be madeén the capabilityto have it ready for when it

will be applied for its ultimatg@urposdn a different future program

For the near term, GDSA objectives are focusethdding essentidgrEPsin the PA model and on
developing a suite of probabilistignericrepository reference case applications. Thesetegar

objectives are itine with the longterm goal. In addition, the products of the rtsam objectives are

useful for evaluating the effects of FEPs and input parameters on repository performance, which is useful
for R&D planning.

ForFY 2021, seventasks were addressed:

1 Usethe 5year Disposal Research R&D PlgBassani et al. 202@ help identify additional
capabilities needed in the short term and long term to adwaD&A FrameworKe.g.,
multiphase processes, temperature dependencies, cologiseered barrier syste(EBS)
degradation processes, computational efficiency, gridding capability). The GDSA Framework
work packageoordinatedvith other work packages as applicable in identifyingséhneeds,
determining what is required to sufficiently address them, anilimgpto fulfill them.

1 Integrate subsystem models developed under this and other SFWST work packages into GDSA
software and safety assessments (e.g., waste(¥fhdegradation, waste packa@eP)
degradation, colloid stability and transport, EBS chemi&iBS flow and transport, fracture
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representatiorthermathydrologicmechanicathemical(THMC) processes, natural system flow
and transport).

1 Develop and implement methods for computationally efficient rschile, multiphysics
modeling (e.g., surrogataodels, reducedrder models, physidsased machine learning, nested
models, Voronoi cell refinement). This task aims to improve integration of complicated FEPs in
probabilistic safety assessments

1 Develop, perform, and document verification and valigdatinalyses of relevant GDSA model
processes, expand regression testing to demonstrate and assure continued quality,tand work
ensurea GDSA Framework release package th#taceale, reproduible, and usefriendly.

1 Demonstrate the freelgvailable PFOTRAN GDSA Framework and modeling capability at
national and international forunasdsupport an international DECOVALEX proposal for a
multi-year PA modeling comparison of reference repository systelas toconduct one or more
workshops to promote adeeated use of the capability worldwide expanding the user base
provides additional testing of the code and opportunities for additional development by outside
contributors.

i Attend, as appropriate, technical training (ectasses/workshops in Python, simulation and
analysis software, or computational and analysis methods), technical conferences, and
international clubs and initiatives with direct benefit to GDSA.

1 Update the &ear Disposal Research R&D plan to reflect depeients in DOE priorities.

As documented in this report, good progress was made on each of thesgdestis2 describes the
conceptual model framework and theL®® TRAN-based computational framework for GDSA
Framework Section3 describes$-Y 2021 advances in general code development, meshing, uncertainty
guantification(UQ), workflow, and infrastructureSection4 inspects how theY 2021 GDSA efforts
address objectives highlighted for GDSA PA in the 2109 Roadmap U{@mateugian et al. 2019)
Section5 summarizeshe development dhe new updateBisposal Research R&D-Bear Plan and
identifies the thrusts for GDSA and how they align with current GDSA effGdaclusions are
summarized in Sectiod

This report fulfillsthe requirements dhe GDSA Framework Developmenbrk packageSF
21SN0103040pLevel 2 Milestonég GDSA Framework Development and Process Model Integration
FY2021 M2SF21SN010304053The work pesentedereinbuilds on previouseports, i.e.Freeze et al.
(2013); Sevougian et al. (2013); Sevougian et al. (2014); Mariner et al. (2015); Mariner et al. (2016);
Mariner et al. (2017); Mariner et al. (2018); Mariner et al. (2019); Sevougian et al. ;(3@i®lgian et

al. (2019) Mariner et al(202); andMariner etal. (202®).
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2. GDSA FRAMEWORK

A PA for underground disposal of nuclear waste utilizes a comprehensive analysis of FEPs potentially
affecting the release and transport of radionuclides to the biosphere. In a PA, plausible scenarios and
processes that may afft repository performance are addressed. FEPs and scenarios are evaluated and
screenedor inclusion in the quantitative system analy$&istentially pertinent FEPs are identified for
inclusionsimulation in a quantitative PA model. Probabilistic simolasi are performed, and results are
evaluated againstystemperformance metrics. Uncertainty and sensitivity analyses may also be
performed to inform prioritization of additional research/anthodel development.

The PA framework consists of a conceptmaldel framework and a computational framewdrkese
frameworks are summarized in Secti@tand?2.2, respectivelyAn overview of PA methodology and
terminology is presented Bevougian et al. (2014, Section 22eacham et al. (2011, Sectiondr)d
elsewherdRechard 200R

2.1 Conceptu al Framework

A safety case for a deep geologic disposal facility is a comprehesetioé bases arahaly®s designed

in part,to assess regulatory compliance witspect tsafety standards. More specifically, it is a widely
accepted approach for docanting the bass for the understanding of the disposal system, describing the
key justifications for its safety, and acknowledging the unresolved uncertainties and their safety
significance(OECD 2004; IAEA 2006; Freeze et al. 2018)ull safety case may only be constructed for

a specific site with an integrated design, but aspects of a safety case may also be developed for generic
systems evaluated indlSFWST Campaigiin general, buildinghese aspects fargenericsafety case

focuses orthree primary componentslated most directly to pestosure safety assessmerasafety

strategy, technical bases, and a safety assessment.

1 The safety strategy provides direction and boundaries for the safety case. It guides the safety case
by identifying requirements for site location, repository design, and safety objectives.

9 Technical bases are the laws of nature and the physical anccehbartriers that govern the
system. They address each FEP that could potentially facilitate or inhibit the transport of
radionuclides from the repository to the biosphere. Development of the technical bases involves
site characterizatiofmainly as defind/constrained characteristics for generic sitEEPs
identificationincludingwaste inventory, barriers to radionuclide release and migration,
radionuclide behaviogndusingnatural analogs, model validation, code verification, dQd

1 Safety assessmeinvolves the analysis of technical bases to evaluate whether the objectives of
the safety strategy are met. In safety assessment, eadtfdeRedn the technical bases is
eitherincludedincorporated into the probabilistic PA model oeigluded anédddressed in
separate analyses or process model simulations. In the PA model, regulatory metrics (e.g., annual
dose rate) arestimated with probabilisticalculaionsto compare to regulatory limits.

The goals and objectives of the GDSA team focus atysatsessment and, more specifically, on the
development of the PA model. Conceptually, the fargn vision for the GDSA effort is to ensure that

the GDSA modeling capability can adapt to, and take advantage of, future advances in computational
softwareand hardware and future advances in process modeling. In line with this vision, thermear
mission is to develop a robust suite of fully functional generic repository reference case applications
(1) for evaluation of the effects of FEPs and input patamseon repository performance to inform R&D
planning and (2jor application tduture candidate sites by the time they are selected.
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Consistent with the lonterm vision, two opetsource, HPC codes serve as the core of the GDSA
Framework: PFLOTRAN and xata. PFLOTRAN is a thermdlydrologicchemical flow and transport
code, and Dakota is a versatile probabilistic code (Se2t)nThe PFLOTRAN cde is being developed
by the GDSA team to accommodate new geologic disposal process models and capabilities through
additional code development and coupling with external process models. The HPC capabilities of
PFLOTRAN and Dakota allow for ever higherdidy in total system performance assessment modeling
as more powerful HPC resources become available.

As the GDSA modeling capability evolves, the GDSA team will continue to generate and refine three
dimensional models of disposal repository conceptspbete with surrounding geospheres and connected
biospheres. Sensitivity analyses will be performed on these models to distinguish the importance of
features, processes, and parameters on model results. These analyses are expected to assist prioritization
of future disposal R&D.

A conceptual model framework requires a coherent representation of pertinenFiER=s2-1

schematically illustrates the conceptual model framework for a repository system. To calculate a dose to a
receptor in the biosphere, radionuclides released from/famust pass through the repository EBS and

the surrounding natural barrier system (NBS).

A FEPs database like the one developed and descrilbedane et al. (201an be used to help identify

a full set of potentially important FEPs for a specific conceptual repository model. Many of the FEPs in a
FEPs database may be directly simulated in the PAembda comprehensive PA, excluded FEPs
(i.e.,FEPs not simulated in the PA model) must be addressed in separate analyses and arguments.

SOURCE NEAR FIELD ’ FAR FIELD RECEPTOR

ENGINEERED BARRIER SYSTEM (EBS) ‘ NATURAL BARRIER SYSTEM (NBS) BIOSPHERE

EBS Buffer/Backfill

[GRANITE]
[CLAY/SHALE]
[SALT]

Seals/Liner

Waste Package (WP)

Figure 2-1 Schematic diagram of the conceptual model framework of generic geologic disposal system

2.2 Computational Framework

Performance assessment of a geologic reposit@igésiby directly modeling the important coupled
processes in the system and executing multiple probabilistic realizations. The appagagéing
uncertainty indetailedPA modelds a continuation of the successful modeling appresatiopted for the
Waste Isolation Pilot Plant (WIPP) PARechard 1995; Rechard 2002; Rechard and Tierney 20@b)

for disposal of SNF and HLW in volcanic tyfRechard and Stockman 2Q1Bue to the complexity of

the coupled processdbelarge range of scales of these processes, and the need for large numbers of
realizationsGDSA Framework is designed for massivphrallel processing in a HPC environment.

GDSA Framework consists of the following components:

1 Input parameter database
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2.2.2

Software for sampling, sensitivity analysigQ, workflow, and traceabilityDakota)

Petascale multiphase flow and reactive transport code (PFLOTRAN), working in concert with
coupled process model codes (e.g., Fuel Matrix Degradation (FMD) Model)

Computationbsupport software and scripts for meshing, processing, and visualizing results
(e.g.,CUBIT, VoroCrust,dfnWorks, Python, ParaView, Vislt).

The two primary components of this computational framework are PFLOTRAN and Dakota.

PFLOTRAN is a thermahydrologic-chemical multiphysics code used to simulate coupled rpHiysics
processes affecting waste isolation in a repository system and transport of released radionuclides to the
biosphere over time. Simulated processes include heat flow, fluid flow, wasdéutisn, radionuclide

release, radionuclide decay and ingrowth, precipitation and dissolution of secondary phases, and
radionuclide transport. Dakota is an uncertainty sampling and propagation code. Dakota is used to
propagate uncertainty in PFLOTRAN sifations and to analyze PFLOTRAN results to assess
sensitivities of model processes and inpDiskota is also used to graphically run and document the entire
workflow of probabilistic simulationsThese two codes are described in more detail in Se@i@rand

The flow of data and caltations through the components of GDSA Framework is illustratEgjire

2-2. In a probabilistic simulatiola k ot a 6 s

Ne xt

Gen

Wo sikulatioofiomtimea n a g e s

generabn of stochastic input for each PA realizatimthe execution of PFLOTRAN and production of
custom output files via Python scrip®he sampled inputs are used by PFLOTRAN and its coupled
process models to simulate source tegtease, EBS evolution, flow and transport through the EBS and
NBS, and uptake in the biosphere. After the simulation, various softe.gre Python, Matplotlib,
Para/iew) may be used to reduce and illustrate the output results of parameters and pedaratics.
Dakota may also be used to evaluate the effects of parameter uncertainty on specific outputs.

Next Gen
Workflow

):> DAKOTA

Computational Support

Input Uncertainty
Parameters Sampling and Processing
Sensitivity Analysis VoroCrust
Parameter }
database )}) DAKOTA @ python

]
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HffParaView
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221 PFLOTRAN

PFLOTRAN (Hammond et al. 2011; Lichtner and Hammond 2G4 2n open source, reactive multi

phase flow and transport simulatte#signed to leverage massiwglgrallelHPCto simulate subsurface

earth system processes. PFLOTRAN has been employed on petascale leatissi®OE computing
resources (e.g., Jaguar [at Oak Ridge National Laboratory (ORNL)] and Franklin/Hopper ri@td¢eaw
Berkeley National Laboratory (LBNL)]) to simulate THC processes at the Nevada T iBget al.

2007) multi-phase C@Hz0 for carbon sequestrati¢hu and Lichtner 200)f CO; leakage within

shallow aquifer§NavarreSitchler et al. 2013)and uranium fate and transport at the Hanford 300 Area
(Hammond et al. 2007; Hammond et al. 2008; Hammond and Lichtner 2010; Hammond et al. 2011; Chen
et al. 2012; Chen et al. 201BFLOTRAN is also under development for use in PA at the Waste Isolation
Pilot Plant (WIPP).

PFLOTRAN solves the nelinear partial diffeential equations describing naothermal multiphase

flow, reactive transport, and geomechanics in porous media. Parallelization is achieved through domain
decomposition using the Portable Extensible Toolkit for Scientific Computation (PEB&ay et al.

2013) PETSc provides a flexible interface to data structures and solvers thattéatiaise of parallel
computing. PFLOTRAN is written in Fortran 2003/2008 and leverages state of the art Fortran
programming (i.e. Fortran classes, pointers to procedures, etc.) to support itoobjgetd design. The
code provi des hidhthe developgercandntegrate afrcustom set of process models and
time integrators for simulating surface and subsurface +piiisics processes. PFLOTRAN employs a
single, unified framework for simulating mufthysics processes on both structured arsdructured grid
discretizations (i.ethere is no duplication of the code that calculates mphlisics process model

functions in support of structured and unstructured discretizations). The code requires a small, select set
of third-party libraries (ay., MPI, PETSc, BLAS/LAPACK, HDF5, Metis/Parmetis). Both the unified
structured/unstructured framework and the limited number of-garty libraries greatly facilitate

usability for the end user.

2.2.2 Dakota

The Dakota software toolkit is open source softwhreeloped and supported at Sandia National
LaboratoriefAdams et al. 2012; Adams et al. 201Bakota provides deterministic codes an extensible

interface for propagating uncertainty into a set of realizations and for performing sensitivity analysis an
optimization. GDSA Framework uses Dakotads sampl i
(LHS), to propagate input value uncertainty into probabilistic PFLOTRAN simulations. Dakota is also

used in sensitivity analyses to analyze the effectsmftivalue uncertainty on probabilistic GDSA

Framework resultdn addition Dakot ads Next Gweasretéatly indorpovatedto apabi | i
develop agraphical workflow interfacéo execute and manageobabilistic GDSA Framework

applicationdMarineret al. 2020a).
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3. GDSA FRAMEWORK DEVELOPMENT

GDSA Framework has become a powerful PA modeling tool. Over the years, important features and
processes for repository PA have been added, s@amaticrepository reference cases have been
developed, and probabilistic tools have been established aruisexke These advances were aided by
collaboration with other work packages of the SFWST Campaigth the previoutlsed Fuel
DispositionCampaign)yand by interactions with the international communityedentsummary of the
major GDSA Framework developmis over previous years is providedviariner et al. (2019)

Guided by thés-yr Disposal Research R&D Plg8assani et al. 2020andmore distantithe Roadmap
reevaluatiorexercise in FY 201€Sevougian et al. 2019%he GDSA team continued to make advances in
FY 2021. This sectiordescribes advances pertaining émgral code development, meshinggertainty
guantification workflow, outreach, anthternationalcollaboration

PFLOTRAN advancem FY 2021are summarized in Secti@l Much of ths development is described
in detail inthe recent PFLOTRAN development reptble et al.2021). More general GDSA
Framework advances are described in Se@&igmmany of which aralso coveredh more detail in other
reports (e.g.l.aForceet al.2021; Swileret al.2021). Section3.3 addresseadditional GDSA
infrastructuredevelopmenand user group activities in FY 2021.

3.1 PFLOTRAN Development

The development of PFLOTRAN for GDSA performance assessment continued at a strong pace in FY
2021.Important advancesere maden PFLOTRAN infrastructure (Sectidghl1.l), code performance
(Section3.1.2), and process model development (SecBdrmd). Advances include:

1 Software and hardware infrastructuriéull adoption and implementation of the Atlassian Jira
issue and project tracking software (SecBahl.); importantimprovements and additions to
the PFLOTRAN QA test suite (Sectidh1.1.3; andincreased utilization of newomputing
resources (Sectiod1.1.3

1 Code performance improvemen@haracteristic curve smoothing to prevent convergence
problems whesimulating dryout (Sectior.1.2.9; andimplementation of advanced linear and
nonlinear solvers to greatly speed up calculat{@extion3.1.2.9. These improvements
significantly impact reference cases where phase changes are likely, including the unsaturated
alluvium reference case and referemases subjected to langé? thermal loading

1 Process model developme8harpening o$trategies fodeveloping andmplementingcoupled
process models in PFLOTRAfMNr PA (Section3.1.3.); development of an implementation plan
for a buffer erosion and waste package corrosion model framework for GDSA (Sktt®g;
continueddevelopment oé flexible, PFLOTRANcompatiblefuel matrix degradation (FMD)
process moddlSection3.1.3.3 Appendix A); upgrades téthe FMD surrogate models of the
MATLAB FMD process model (SectioB.1.3.3 Appendix B; enhancements multi-continuum
modeling of coupled fractummatrix processeSection3.1.3.9; implementation of new thermal
conductivity models and dependenqi8sction3.1.3.5; implementation and testing of a new
smectiteto-illite transition reducearder mode(Section3.1.3.6; addition of two new criticality
related models, a neutronics surrogate model and a spacer grid degradatio(Sexioted
3.1.3.7; anddevelopment of a comprehensive biosphere m&@kttion3.1.3.9

These accomplishments adva@ieSA Frameworlby offering higher fidelity modeling témiques,
increasing code stability, and offering a streamlined system for bug reporting and prioritization of future
development tasks. Care has been taken to strengthen collaborationsaioosdiaboratories and
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provide the infrastructure for futupmllaborations betweethoselaboratoriesandtheinternational
scientific community

3.1.1
3111

To help manage code development activities, the PFLOTRAN development team this year fully adopted
theAtlassia Jira i ssue and project tracking software.
additions to small tasks and bug corrections. Every two weeks, the team assesses progress made on the
issues, categorizes newly submitted issueprimitizes issueas needed, and confirms assignments for

the next two weeks.

Software and Hardware Infrastructure

Code Management System

The extent of adoption of the Jira approach this year is indicatethbyeancrease in the number of
issues in the system. In June of 2020, there were approxirfiagelgsues in the systemhat number
increased to 75 by June 2021.

Figure3-1is a snapshot of a Jira dashboard showing summary information for issues in various stages of
progress. Details abbthis systemand how the team utilizes drediscussedurther inNole et al.
(2021)

gdsa < Projects / gdsa / GDSA Code Development Scrum
s Software project @ ¢ (O 4daysremaining Complete sprint <
GDSA Code Devel... -
@] Board v Q nb DF &v@@@ Recently Created Only My Issues Recently Updated
"
E Backlog
TO DO IN PROGRESS UNDER REVIEW DONE
D Active sprints
&) DPC 5 issues DPC Criticality
l2*  Reports
& GDSA 15 issues gdsa
g Issues Fix Design Document for Gas Add in new water density Extend saturation functions
PERMEABILITY_SCALING_FACT Phase Adsorption property beyond the residual saturation
€3 Components to work for permeabilities g i < for thermal-hydrologic dryout
8 GDsA-215 @ @1 s cDsA-219 (@)
&5 Releases G1*s cpsa-217 @) o+ s cosa-19s @
Incorporate multicontinuum in
D Add item PETSc Merge: step 1: NTR + with UFD Decay Write constructor methods
NTRDC regression tests for van Genuchten saturation
cosa-196 @ .
O Project settings = g functions w/ unsaturated
arE GDsA-218 @)

EOS Gas Documentation

I GDsA-216 @

Literature Review

GDSA-222 (BE

kd dataset read
5 GDsA-221 @

Jira Security Plan: Documents

s GosA-211 @

Paper
[~ IR GDSA 213‘&,

G cosa-199 @

Update Brooks-Corey and
any other current saturation
function options that need

o cosa-200 @

‘ Computational Physics Journal

Figure 3-1 Jira summary table snapshot Nole et al. 202}

3.1.1.2  Quality Assurance

The GDSA team continued in FY 2021expand and upgrade the PFLOTRAN QA test suite. The test
suite, established the previous yeeas migrated to a new GDSBA Git repository where it was fully
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exercisedSeveral of the tests were expanded, and two tests were added;eontuttium test asha
radial heating problem. Further details of this work are presented in Section 2\bl2 et al. (2021)

3113 Computing Resources

Toward the end of FY 2020, the GDSA team acquired-adt# allocation on eondominiumstyle
128-nodesupercomputetalledBoca This allocation allows the GDSA team to run meditmnlarge
scalesimulations without queue time

The Boca resource has greatly facilitated quick turnarounds for-samdlimediunrsized problems and
quick debugging of input files for the very largmbabilistic simulations that are run on the larger
supercomputers. More information on this topic is provided in Section 2.N8lefet al. (2021)

3.1.2 Code Performance Improvements
3121 Characteristic Curve Smoothing

In FY 2021, characteristic curvés mediasaturationin PFLOTRAN were smoothed so that

PFLOTRAN solvers could handle the transition to dry conditions. Characteristic curves define a porous

medi umés relationship between water saturation an
truncated at the residual water saturation because the curves generally do not consider processes such as
evaporation that can cause the water saturation to go below the residual water saturation. Repository
simulations, however, must include these conditibecause heat froiPs can completely dry out

nearby materials.

Prior to this work, transitions to water saturations below the residual were not smooth. For example, a
typical transition was a piecewise connection to a maximum capillary pressure. Beeadse solvers
require a continuous derivative for all possible water saturations in a simulation, solvers could not make
the transition from one piece to the other, and PFLOTRAN simulations could not complete.

Figure3-2 shows new options implemented this year for\the Genuchteharacteristic curve.
Additional details are provided in Section 2.3.INafle et al. (2021)As discussed ihaForce et al.
(2021) the smathing of these curves now allows for full PFLOTRAN simulation of the unsaturated
alluvium repository reference case as well as other simulations that involve dry out.
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Figure 3-2 Example Van Genuchtencharacteristic curves employing various extensions at the unsaturated
limit (Nole et al. 202). The purple curve is the original option where the maximum capillary
pressure is truncated. The other extension options in the figure are defined usitige following
abbreviations: F=Flat or constant, E=Exponential, L=Linear, CPC=Capillary-Pressure Cap,
NOC=NO Cap.

3122 Linear and Nonlinear Solvers

Achieving rapid solver convergence is a continuing challenge in increasingly complicated PFLOTRAN
simulations. lbw and transport calculations rely heavily on both linear and nonlinear solvers and
preconditioners. In FY 2021, significant advances were made for both solvers.

For the linear solver, new preconditioners were tested. Preconditioners aim to optimizeolivea

performance by generating a more relaxed system of linear equations. Three WIPP nuclear waste
repository test cases of increasing complexity (Easy case, Mid case, and Hard case) were used to test new
solver preconditioners against the default sbBiICGSTAB (biconjugate gradient stabilized methdar

ILU (incomplete lowetupper factorizationpreconditione{BCGSILU). The two new solver

preconditioners werfl) FGMRES(flexible generalized minimal residual methddr CPRconstrained

pressure rgdua)-QuastIMPES(implicit pressure and explicit saturatlgfirCQ) and2) CPR

ABF(alternate block factorizatigrfFCA). Only the general results are presented here. For details of this
analysis, the reader is referred to Section 2.3Mobé et al. (2@1).

As shown inTable3-1 for the Easy case, FCQ was 3 times faster than the default, and FCA was 34 times
faster. FCQ and FCA required many fewer time steps and iterations than the default. For the Mid case,
FCA had smilar resultsi it was 30 times faster than the default. FCQ was not tested on the Mid and Hard
case. For the Hard case, the FCA simulation completed in 41 hours while the default simulation never
completed and was ended after 4 days.
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Table 3-1 Computation time with Newton-Raphson, Easy case, 32 cores
BCGS-ILU FCQ FCA
Computation Time [hours] 42 125 1.24
Time Steps 47057 10985 4633
Nonlinear Iterations 76874 26184 15468
Linear Iterations 28443067 5162562 227268
Time Step Cuts
Linear Solver Fall 14741 2509 33
Max Nonlinear Iteration 284 554 801
Intentional Time Step Cut | 84 294 588

Regarding nonlinear solvers, the nswwton TrustRegion Dogleg Cauchy (NTRDGplver,

implemented in PFLOTRAN in FY 2020, was also tested on the Mid and Hard Casé® Mid case

when the default linear solveBCGSILU) was used in combination withTRDC instead of the

traditional NewtorRaphson solver, there was dofd increae in speed. The results of the Hard case are
shown inTable3-2. For the Hard case when FCA was used, there was little difference in speed without
autoscaling(AS), but when autecaling was used (NTRD&S), there was a nearlyf8ld speedup.

Table 3-2 Computation time with FGMRES-ABF, Hard case, 32 cores
Newton NTRDC NTRDC-AS
Computation Time [hours] 41.1 44.7 14.3
Time Steps 36649 37772 26433
Nonlinear Iterations 119362 106937 118043
Linear Iterations 17118859 16499512 3277347

Clearly, with large speedups like the ones noted above, pursuing solver optimization is expected to
continue to be highly beneficial to GDSA. Details of these tests and others are presented in Section 2.3.4
of Nole et al. (2021)

3.1.3

3131

In FY 2020, a generaltrategywas developed to facilitate a streamlirgeality-controlledprocess of
integrating process models into PFLOTRAMariner et al2020g, Section 31.3). In FY 2021, that
straegy wasexercised

Process Model Development

Strategy for Process Model Enhancements

The approach uses thiga issue and project tracking softwdiscussedn Section3.1.1.1 Requests for a
code enhancement or a new process model are submitted as Jiraalssigesith details describing what
is needed and the overall importance of the enhancements.
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To qualify for the attention of the PFLOTRAN developers, requestors must:

1 Provide a summary of the model and general ideas for how it will be implemented

1 Identify all model input and output requirements including valid ranges of input values and valid
combinations ofnput values Detailed requirements on inputs and outputs are listed in
Section3.1.3of Mariner et al(2020).)

{1 State all model assumptions

1 Provide an example simulation of the process model along with plots or tables of outputs
Additional factors consered when prioritizing Jira issues include:

M Sufficient need

o Do we expect the model to have significant effects on important repository performance
metrics or provide important answers to key questions?

1 Verification that the process modelready for impémentation

o Are all model assumptions affecting the validity of the model and the valid ranges of input
values acceptable for the intended use?

o0 Isthere a better approach with more defensible assumptions that covers the same or larger
range of applicability

o Does the standalone model converge and produce sensible results over the entire multi
dimensional input sample space requested?

1 Approval by applicable work package managers

With acceptable answers to the questions above, the requested Jirapsisuigized and depending on
whether it is high enough prioritassigned to a PFLOTRAN develop®&mce assignedhe developer
works with the requestor identify the best implementation approaElepending on the complexity of
the model, the developer magtablish regular meetings with the requestor during implementation.

Additional requirements are necessary for the coupling of independent process model codes to
PFLOTRAN. The PFLOTRAN repository consists of Fortran 90 simulator source code files and Python
libraries for posprocessing. It is expected that direct process implementation will be pursued in Fortran
and be consistent with PFLOTRANG6s style guide.
identifying options for coding languages and any magliexternal libraries so that any potential interface
issues can be addressed up front. PFLOTRAN developers will provide recommendations for available
options to support database reading/writing. It is expected that process models implemented in
PFLOTRANand codes coupled with PFLOTRAd¢neratoutput in PFLOTRANconsistent formats.

3.1.3.2  Buffer Erosion and Waste Package Degradation

Copper, due to its high chemical stability under crystalline repositorgitions, continues to be a prime
candidate as a waste package outer barrier material in the U.S. repository program and in the programs of
many countries. A concerted effort was made this year to plan PFLOTRAN implemenfdiidier
erosionandcoppercorrosion modedl The new modslarebased on the models developed and used by

SKB for the Forsmark repository and used by Posiva for Olkiluoto. Adding this type of modeling

capability to PFLOTRAN is expected to be useful not only for evaluating buffeioerand the

performance of copper in the U.S. program but also potentially to facilitate adoption and testing of
PFLOTRAN for repository applications outside the U.S.
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Conceptual Model
The chronology of the proposed conceptual buffer erosion coppericorredel is:
9 Buffer in a deposition borehole (or tunnel) erodes due to groundwater flow from an intersecting
fracture asdepicted inFigure3-3
1 Buffer erosion eentually exposes the copper surface ofWHeto flowing groundwater
1 Hydrogen sulfide in the flowing groundwater attacks the exposed copper

In effect, the conceptual model involves two serially coupled models, buffer erosion followed by copper
corrosion.

Disposal
canister

Eroded part of buffer
as conceptualized in
the bounding calculation

Deposition
hole

Figure 3-3 Conceptual model of buffer erosion due to a flowing fractureRig 6-108, Posiva 20183

Details of the conceptual model for buffer erosion are based on the chemical erosion model summarized
in Posiva(2013 Section 6.11). Assumptions include:

1 Clay particles are removed from the borehole or tunnel dewedling-induced extrusion into
fractures andhe shear forces of flowing groundwater or due to dispersion as a colloidal sol
Buffer consists primarily of Nanontmorillonite

Dilute water (24% ttal dissolved solids, or ionic strength below 10 mM) is needed to stabilize
Na-montmorillonite colloid dispersions, allowing buffer erosion

Assumptions regarding repository design include:

The repository host rock is fractured crystalline rock

Bentonite iffer surrounds canisters in deposition holes and fills the voids in the holes (or
surrounds canisters emplaced in tunnels and fills the tunnel voids)

9 Optional: DRZ surrounds the deposition holes (emplacement tunnels)
Mathematical Model

The shape of buffegrosion in the deposition hole (or tunnel) is assumed to be a quarter donut, i.e., one
side of the hole is eroded as indicateérigure3-3. The model calculates tl@nount of additional buffer
eroded during each time step and adds it to the cumulative amount eroded.
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The buffer erosion rate is determined using the relationship shokigune3-4, which is described in
Section6.110of Posiva(2013. This rate is an empirical relationship that is a function of flow velocity of
the intersecting fracture, fracture aperture, and the emplacement geometry.

1

0,1

0,01

Erosion Rate [kg/a]

0’001 L L Ll L i L hlli] L Ll
0,1 1 10 100 1000

Water Velocity [m/a]

Figure 3-4 Montmorillonite release rates as a function of water velocity in the intersecting fracture
(Posiva 2013Figure 6-97)

Once the cumulative volume of the eroded buffer exceeds the voluime quarter donut, the buffer is
effectively breached and the copper corrosion model activates. The surface area of the exposed waste
package is assumed to be the area of a half band around the canister having a width equal to the distance
between the borehole wall and canister (Posiva 2013%-E#j)2).

The relationship ifrigure3-4 is described by the following equation:

[ Y (3-1)

In this equationi is the buffer erosion rate (mass per tirhels the fracture aperture, ahds the water
velocity in the fracture. The constaisindcdepend on the application. For example, values of 27.2 and
0.41, respectively, can be used for @ fracture aperture, 1.76 deposition hole diameter, water
velocities from 0.1 to 315 wr?, and a 0.4 montmorillonite volume fraction at the fracture/deposition
hole interface (Posiva 2013). For erosion of bi#ldkfa 5-m diameter tunnel values of 20.7 and 0.598,
respectively, can be used for these constants (£6).at is up to the users to determine the proper values
for specific applications.

The copper corrosion model is represented mathematicallygjitsisan the SKB model (Posiva 2013,
Section 6.19). An equivalent groundwater flow rate (volume per time) from the intersecting fracture is
calculated from the lesser of two relationships, one of which accounts for diffusion. For every two moles
of hydragen sulfide flowing into the exposed region, one mole of copper corrodes and precipitates as
CusS. As soon as the exposed copper fully corrodes, the WP is breached.
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Implementation Plan

PFLOTRAN implementation of this model needs to accommodate parallegsing, stochastically
generated DFNs, and an equivalent continuous porous medium (ECPM) mesh. To be successful, it needs
to:

1 Automate the identification of fractures intersecting the deposition holes (or emplacement
tunnels)

1 Automate thecquisition of flow velocities, fracture apertures, and concentrations of Na, Ca, and
hydrogen sulfide from the identified intersecting fractures

1 Adjust the properties of buffer cells affected by erosion to be consistent with the SKB buffer
erosion model

In general, python scripts will be used to identify and characterize fractures intersecting deposition holes,
Afaux rockod simulations wild.l be used to deter mine
hydrogen sulfide in intersecting fractures otrere, and a separate buffer cell erosion model will be

developed to emulate the buffer erosion predicted by the SKB buffer erosion rates. These plans are
discussed in more detail below.

Because parallel processing complicates spatial coupling, flow tietoand water compositions in

nearby fractures cannot be readily used to calculate buffer erosion and copper corrosion rates for a given
waste package and deposition hole. To avoid this |
performed in which &h deposition hole is returned to its original {griled) fracture rock state so that
fracture flow velocities and water compositions can be captured through time at each cell where a fracture
would exist in the deposition hole domain. This approalchvalfor simple parallel processing by

eliminating the need for spatial coupling to parameter values in other cells. This approach is expected to
provide a reasonable approximation of the fracture flow velocities and groundwater concentrations that
would accur in the presence of the deposition holes. To help make these fracture velocities and water
compositions as accurate as possible, the tunnels and their backfill and the tunnel DRZ will not be
replaced with faux rock, and a heat source will be includeerevthe waste packages would be. In

addition, the thermal conductivity of the faux rock cells may be adjusted to mimic that of the waste
package and buffer.

The SKB buffer erosion model is a zatimmensional model, whereas the repository reference cagel mo
domain is thre@limensional. The model domain has cells containing buffer that should lose buffer as the
zeraodimensional model predicts. Consequently, two distinct buffer erosion models are planned for
implementation, &irtual buffer erosion modéthe SKB model) and bauffer cell erosion modeThe

SKB model is referred to as the virtual buffer erosion model because it will be run in the waste package
domain and will not itself remove any material from the model domainbiifier cell erosion modetill

be run at each buffer cell location where there is a qualifying intersecting fracture. It will be made to be
consistent with the virtual buffer erosion model and will remove buffer from the domain, thereby
enhancing the flow of water through the depos hole and the flow of corrosive reactants to the waste
package surface.

The erosion models and the groundwater flow and transport simulations are not directly coupled to avoid
complications in parallel p r o c keedtiie sigulatiomtme and s a u x r
required to output the following information to run thigual buffer erosion modeair thebuffer cell

erosion model

1 The groundwater flow velocity, Na concentration, and Ca concentration history per time step at
each WP dcation.
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9 Theidentification number and coordinates of e®¢R corresponding to thiéme historydata

The second dAfull o0 seidauabputsiosimulateithe buffer esogiand cogpert h e
corrosionmodels.

There are several required inptio run the buffer erosion model

f Fracture flow velocity (nyr), Na concentration, and Ca concentration at each coordinate (or
waste packaghD) per simulation time (that is saved at each time step) will either be provided by
the output file fromthéd f aux rocko simulation or manually
manual option will be useful when testing the model.

1 The fracture apertures at eaghste packagkorehole location will be extracted from DFN
realizations or inferred from ECPM realizations. This information should be consistent with the

Aifaux rocko simulation for accurate buffer er

manually by a usr. The location ofvaste packagand buffer will be defined in the input of

PFLOTRAN for both the fifaux rocko and the ful

91 The buffer erosion rate equation parameters are inputs in the PFLOTRAN input deck as a dataset.
These values cdpe individually calculated per location depending on the fracture aperture from
DFN or ECPM. The other option is to enter these values per location manually by the user.

1 When Na and Ca concentrations cross a-pesrided threshold, the buffer erosioropess either
halts (above threshold) or commences (below). Na and Ca concentration thresholds are defined
for the simulation. Suggested values from SKB will be defined as default values; otherwise, a
user carenter itin the PFLOTRAN input deck. The bordaagadius, canister radius, buffer grain
density and porosity, and buffer porosity will be defined in the MATERIAL_PROPERTY and
GRID of the PFLOTRAN input deck.

The virtual buffer erosion model will be its own module or a part of the waste package module i
PFLOTRAN. The capability to remove buffeom buffer cells in accordance with the buffer cell erosion
modelis alreadybuilt into PFLOTRAN. The copper corrosion modell turn on for the waste package
when the total buffer eroded exceedsvhkime of the quarter donut

An implementation request for the buffer erosion and copper corrosion models has yet to be submitted to
the Jira system. In accordance with the implementation guidelines in S&dti8ri, more work is needed

to ensure and document the need and feasibility of the proposed approach. It is expected, however, that by

early FY 2022 the implementation request will be submittetithe decision on whether to proceed will
be made.

3.1.3.3  Fuel Matrix Degradation (FMD)

The FMD model is the uranium dioxide (0Onatrix degradation process model of GDSA Framework. It
was developed collaboratively at Argonne National Laboratory and Pacifibvst National
Laboratory(Jerden et al. 2015Y he model, coded in MATLAB, calculates spent fuel degradation rates as

a function of radiolysis, electrkinetic reactions, alteration layer growth, and diffusion of reactants

through the alteration layer. In more recent versions of the model, steel corrosion is included to provide a
source of hydroge@erden eal. 2018)

In FY 2015 a version of the FMD process model that excludes steel corrosion was coded in Fortran
(Jerden et al. 2015 hat Fortran code was coupled to PFLOTRAN and successfully demonstrated
(Mariner et al. 2015)Apart from the computational results, the demonstration indicated that the coupled
mocdel was computationally demanding. Mechanistic simulation of the FMD model processes requires
many calculations at each time step. For a probabilistic repository PA calculation there are thousands of

by

o
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WPs and hundreds of realizations. Though the coupleddfoRMD process model may be used for

small scale problems, it is too expensive for higfiaglity repository PA simulations that can propagate
spatial variability in the values of inputs (e.g., local temperature and local environmental concentrations
of chemical reactants) across the repository.

In FY 2019 and FY 2020, two approaches were undertaken to include the FMD process model in GDSA
Framework. One approach, summarized in the first subsection below, was to develop surrogate models of
the FMD proces model for accurate and rapid emulation in PFLOTRAN. The other approach, described

in the subsequent subsection, was to develop a new Fortran code that utilizes rapid solvers and flexible
time steps for a more powerful standalone FMD process model thatmeiothly couple to PFLOTRAN.

FMD Surrogate Models

In FY 2020, an artificial neural network (ANN) surrogate model andNa&restNeighbors regression

(KNNr) surrogate model were implemented in PFLOTRAN for the FMD process model. The ANN
surrogate is agrametric model that utilizes a network of artificial neurons with nonlinear activation
functions. The KNNr surrogate is a nonparametric model that uses an advanced tectapgueximate

the response from the closest set of neighboring training poiatsultidimensional database. Both
approaches were pursued to increase the chances of developing a useful surrogate and to allow
comparison of the advantages and disadvantages of the approaches for incorporating surrogate models in
GDSA FrameworkThatwork wasdocumentedn Mariner et al. (2020)

In FY 2021, a modifiedsamplingstrategywas developed and usedgenerag training datafor the ANN

and kNNr surrogate models. This work is documented in detApjrendix B There were approximately
eighttimes as mangimulationsin the parametespace In addition, @wn sampling by a factor ¢énin

the time dimension led to a more balanced data density across all dimensions in the samerspace.
kNN, this new data sebgiether with a narrowing of thieput featuresrom six to fourled to an
improvement of the kNNmean square erroMSE) over the test set by a factor of 2 compared to Mariner
et al. 02M). Besides this factor of two improvement, the updated approach indicates that adding yet
even more samples in the configuration space will continue to improve the accuracyrof KNN

Table3-3 compares thaccuracy of ANN and kNNr surrogates on the test data set. Foedhdata sets,

the KNNr method is slightly more accurate in the MSE metric than the ANN method. The ANN surrogate
shows better accuracy in thmean absaite percentagerror(MAPE). In themean absolute erroMAE)
metric,the ANN is slightly more accurate than kNNrhanks to the improved sampling approach, the

MSE error in the optimal KNNr approach is less than half of what it wiskaiimer et al. 202).

Table 3-3  Values of the error metrics computed on the test set (and training set for the ANN) for the GO
surface f 1l ux i montlog.etrarfsforadaduspaad. The drror orethe training data
is zero for KNNr because for inversalistance weighted averaging, the table prediction is the
same as the tabulated value at the query point.

Surrogate Train MSE Test MSE Train MAE Test MAE Train Test

(mol m2yr1)? | (mol m2yr%)2 | (mol m2yr?) | (mol m2yr?) | MAPE | MAPE

ANN 3.41e6 3.08e6 8.57e4 8.26e4 33.7% | 25.1%
KNNr

2 28M/8ONN N/A 2.69e6 N/A 8.92e4 N/A 44.4%
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As in Mariner et al. (2020hYhesurrogateesults were found to be highly accurate where training data

were densely spaced. This finding underscores the importance of focusing surrogate model training data
on the expected sample space of the application. Further, surrogate simulation was lbeunaghitt

compared to the coupled process model, allowing full repository simulation of the shale repository
reference case in a practical amount of time. These results indicate that each surrogate model will enable
GDSA Framework to rapidly and accuratslynulate spent fuel dissolution for each individual breached
spent fueMV/P in a probabilistic repository simulation.

Figure3-5 demonstrates theew FY 2021ANN FMD surogateresultsin a shale reference case

simulation with emplacement of both 24 pressurized water reactor (PWR) and 3VPgVRhe

chemical conditions for this simulation are: 1¥1 O, (aq), 1x1FM H, (aq), 3x1F M F&**, 1.4x10°

M COs%. For comparison, the figure includes the results of the traditional fractional dissolution rate
(FDR) model that uses a dissolution rate of §0'. Waste packages start to breach in these simulations
around 300 years. Note that the surfaceaspecific degadation rate (bottom plots) decreases over time

in the ANN FMD simulation, as would be expected due to decreases in dose rate and temperature with
time. For the FDR model, a surfaaseaspecific rate of ~3.7x10mol m? yr? is maintained after breach

for the rest of the simulation (both simulations assume a constant fuel specific surface area of

0.001m? g?).
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Figure 3-5 Fuel matrix degradation rates(a) and (c)and remaining fuel volumes(b) for breached 24
PWR (green and blue) and 37 PWR (yellow and orange) waste packages in a shale repository
reference case using the ANN FMD surrogate (left) and traditional fractional dissolution rate
(107 yr'Y) model (right).

Fortran Process Model

The original Fortran FMD code developed in FY 2015 and coupled with PFLOTRAN uses much of the
same structure as the MATLAB code. It recursively solves for corrosion potentials and new
concentrations instead of coupling théveos which leads to an increase in iterations and decrease in
speed. Further, the 2015 Fortran code was not improved to allow for dynamic time stepping and was not
set up for parallel computing.
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Under the continued guidance of Glenn Hammond, developofientew Fortran code is underway for

faster run times, smoother PFLOTRAN coupling, and parallel computing. The goals of this initiative are

to develop a faster FMD process model with flexible coupling features, to keep it open source, and to help
the proess modelers transition to the new code so that they can continue to develop a code that is
compatible with PFLOTRAN.

Appendix Adocuments progress FY 2021 toward developing an improved solution schémitgl

tests indicate that the number of iterations required to converge to a solution will be significantly reduced.
This will likely provide a nortrivial speedup, potentially reduce the likelilbd of discontinuities in the
observedluxes andchelp avoid the noigonvergence issues often encountered with the MATLAB code.

Efforts this year enabled implementation of a dynamic time stepping algorithm, studying control
parameters within the FMD modalnd understanding the role of 5th order reactions incorporated into the
model. Long time periods are frequently needed to reach solution equilibrium, therefore the dynamic time
stepping routine is needed to reach simulation timd9@® yearsas indicatedn Figure3-6. Moreover,

the MATLAB implementation works on a fixed logarithmic time step which could potentially lead to
discontinuities if concentrations fluctuate smort time scales. Our algorithm allows for the time step to

be shortened, as well as increased, which will help resolve these challenges. An exploration of the control
parameters and 5th order reaction rate expressions within the model indicate thtsreaa be rapidly

turned off as the temperature and concentrations within the rate expressions decrease. This can cause the
model to produce nemtuitive results that are difficult to predict. Smoother rate expressions could be
implemented in the futer although we emphasize that the model has compared well with experiments.
On-going efforts are focused on interfacial reactions which provide the oxidative dissolution of the fuel
surface and are the source of the excessive iterations mentioned above.

Appendix Aoutlines in detail the conceptual model, developing code, and recent progress.

Boundary Conc

Figure 3-6  Concentration (M) of UO2?* as a function of time in a loglog plot. A long equilibration time
(~100 yrs) and > 1000 yrs is needed to reach the boundary condition concentration. A dynamic
time stepping routine was implementedo allow for long total simulation times
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3.1.3.4  Multi-Continuum Transport

PFLOTRA N écontimun ntodel simulates disconnected secondary (matrix) continua connected to
a primary (fracture) continuum. It is referred talas DCDM (Dual Continuum Disconnect®thtrix)

model Cichtner, 2000. Each primary cell hosts its own disconnected-dimeensional secondary

continuum.

In recent years, the muitiontinuum model has been enhanced in several ways. Sorption capabilities,
dispersion in the fracture, spatial apee discretization, and parallel capabilities have all been improved.
In FY 2021, this model was verified against two analytical solutions and applied to-dithexesional
discrete fracture networloFN) problem (Nole et al. 202,1Sections 2.2.1.6, 22.7, and 2.2.1.8).

One of the analytical solutions tested in FY 2021 is fi@ang et al(1981)). It describes advective and
diffusive transport in a single fracture with diffusion into a setfinite rock matrix. Transport was
successfully predicted inlalases. An example comparison of PFLOTRAN simulations versus the
analytical solution is shown iRigure3-7.

The other analytical solution tested was thabodlicky et al. (198R This solution is an extension of the
Tang et al (1981 solution The difference is that this one pertains to a rock matrix of finite length. Two
matrix lengths were tested, 0.05 m @@5 m. As in the case of the Tang et al. (1981) solution, a high
degree of accuracy was observed. Details of these analyses are presented in SectioNde2et af.
(2021). These results indicate that the simplifying assumptions dtiaé Continum Disconnected

Matrix multi-continuum model do not introduce much model error.
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Figure 3-7 Comparison of PFLOTRAN results to the analytical solution ofTang et al. (198] along the
fracture (top) and into the matrix (bottom) at 2 m along fracture
3135 Thermal Conductivity Enhancements

Accurate simulation of thermal conductivity is needed for accurate prediction of heat dissipation,
especially for criticality analysis. Again this year, there were major advanttes iinodeling of thermal
conductivity in PFLOTRAN. The advances began last year with the development and implementation of
thermal characteristic curves (TCCs) for specific materials. That work continued in FY 2021 along with

the implementation of anisotrg@and other special models.

Thermal Characteristic Curves
Prior to FY 2020, there w

as onl

y

one

TCC

i mpl emen:

Somerton et al. (1974nd is a function of wet and dry thermal conductivity and liquid saturation. In FY
2020, four new thermal conductivity characteristic curves were implemented: constant, linear resistivity,
cubic polynomial, and power lawi@riner et al. 2028 Section 3.19).

In FY 2021, a permafro§iCC was added. Modeling the thermal conductivity for permafrost is expected

to be useful for modeling heat dissipation during glacial peridlds, in FY 2021, the overall TCC

feature was upgraded in PFLOTRAN to provide greater flexibility and improved error messaging. Details

of these advances are provided in Section 2.2.3 of Nole et al. (2021).



GDSA Framework Development and Process Model Integration FY2021
22 September 2021

Thermal Conductivity Anisotropy

Thermal conductivityn a material is often anisotropic. For example, layered sediments typically exhibit
conductive (thermal or hydraulic) anisotropy in the layered directions versus the transverse direction.
Engineered features, including the assemblies withifPamay alscexhibit anisotropic characteristics.

Thermal conductivity is implemented as a symmetric tensor with six uniqgue components and unit vectors.
The offdiagonal elements are zero when the grid aligns with the principle axes of conductivity. The new
capabilityincludes error messaging for possible mistakes the user could make when using this feature. In
addition, the capability of generating a compaosite anisotropic curve from curves defined for the principle
directions is under development. Details are providesiection 2.2.4 of Nole et al. (2021).

Special Thermal Conductivity Models

Specific thermal models for DPCs have been developed for implementation in PFLOTRAN. There are
different models for axial and radial directions and wet and dry conditions. Theaadieadial models

may be combined into a composite anisotropic model. These models are described in Section 2.2.5 of
Nole et al. (2021).

3.1.36 Smectite -to-lllite Transition

In FY 2021, a new smectite-illite (illitization) reduced order model was developeul amplemented in
PFLOTRAN. This model can simulate the gradual change in the ratio of montmorillonite to illite in a
bentonite buffer and the corresponding expected change in permeability.

The rate of change in the smectite fraction is based on a rekifpambserved biduang et al. (1993)

(0]
0 0 fQ toA@D_{t"Y Y Y 3-2)
Qo0 - o w

For a given time step-1, the rate of change is a functiontbé& potassium cation concentrationJkh
mol L andtheprevious smectite fractioid. A is the frequency terfim L/mol-s, E, is the activation
energyin Jmol!, T is the ideal gas constaiit!! is the temperature in Kelvin of the grid cell, ahglis
the threshold temperature below which the reaction doetake place (Nolet al. 2021 Section 2.2.H

The new permeabilitt)  is computed using the followg relationship:

. . Q Q.

wherek? is the original permeability tensdg is ashift factor "Q "Q isthe change in the illite
fraction, andQ is the original smectite fraction. Further details are provided in &tcdé 2021
Section2.2.6.

This model was tested on a simple thdemensional domain with two different buffer regions as shown

in Figure3-8. During the simulation, smectite nearly completely transitioned to illite and the permeability
adjusted accordingly. Time histories of temperature, mineral fraction, and permeabbitiffésrregion

#2 are shown ifrigure3-9. Details of this test problem are includedNiale et al.(2021, Section 2.2.%

Future work will involve expanding the code into a more flexible generalized PFLOTRAN module and
adding additional illitization models (Nokt al. 2021 Section 2.2.%
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Figure 3-8 Smectite to illite evoluion at 0 years (a)and 10,000 years (bpf buffer placed 2 to 3 meters from
the north end of the domain Buffer 1 is originally 90% smectite and has a reaction threshold temperature of
40°C. Buffer 2 is originally 75% smectite and has a reactiothreshold temperature of 60°C. The rest of the
domain is watersaturated soil with a porosity of 25%, tortuosity of 50%, and permeability of 162 m?2.

Initially the domain has a hydrostatic pressure of 1 MPa and a temperature of 20 °C. At the beginning tbfe
simulation, the north face boundary condition is set to 5 MPa and 260 °C.
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Figure 3-9 Smectite to illite time historiesshowing thermal and permeability changegor Buffer #2

3.1.3.7  Criticality -Related Models

Two new criticalityrelated models were added to PFLOTRAN in FY 2021, a neutronics surrogate model
and a spacer grid degradation model. Only brief descriptions of these models are provided here.
Section2.2.7 ofNole et al.(202]) describes these modelsdatail and presents two test applications.

The neutronics surrogate model uses lookup tables to provide decay heat, heats of criticality, and evolving
radionuclide inventory (if chosen). The values in the lookup tables are generated a priori from coupled
neutronics and thermdalydraulic simulations applied over expected ranges of hydrological conditions

(e.g., temperature, water saturation, water density). This surrogate model is currently appliatabldyto

state criticality everst

The spacer grid degdation model tracks the corrosion of the spacer grid over time. When the grid is
sufficiently corroded, the grid loses its vitality and the fuel rods lose their critical configuration,
terminating the possibility for criticality. The corrosion rate fa §pacer grid is a function of a corrosion
rateconstant , activation energQ, averagadVP temperaturd, cumulative spacer grid surface a@‘?
anda saturatiordependent rati§(S):

0

Y Y totiAQDTPY (3-4)
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These two models were designed to work in concert with each other and with the simditie
transition model (Sectio®.1.3.69.

The neutronics surrogate and spacer grid degradation swveeled executed together in the test case
shown inFigure3-10. Threewaste forms\\VFs) were emplaced with unique breach timag;

degradation mechanisms, and criticality mechani$iiss #1 and #2 invoked the spacer grid degradation
model. Critical watesaturations were specified for ead#r, and critical water densities were specified
for #1 and #3. Details of this test case are provided in Section 2.2.7.2 of Nole et al. (2021).

Results are shown Figure3-11. The spacer grid vitality was lost43 and 36daysfor WFs #1 and #2,
respectively, not long after the start of the criticality periods. Consistent with the start of the criticalities,
the temperatures spiketihese results and others are discussed in detail in Section 2.2.7.2 of Nole et al.
(2021).

These new criticalityrelated models are a major advance in our ability to directly include criticality
processes and events in total system performance assesaloglations. With the ability to simulate

criticality in repository simulations, we can better predict whether criticadityoccuand better

understand the coupled effects of heat, water saturation, EBS material performance, radionuclide release,
and radionuclide transport in the near field.
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Time: 35.0d
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WF #2
e 4 kW intermittent heat of criticality

WEF #3
« 1 kW intermittent heat of criticality
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Figure 3-10 Neutronics surrogate and spaaegrid degradation test problem showing temperatures at 35 days
(a) and 43 days (b) fora domain with three different waste forms with uniquecriticality events At 35 days
WEF #1 has not reached criticality while WF #2 and #3 have. At 45 days criticalityds ceased at WF #2 and #3

and begun at WF #1.
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Figure 3-11 Spacer grid vitality, temperature, and heat of criticality over timeshowing loss of spacer grid
vitality at 43 and 36 days for WFs #1 and #2, reectively.
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3.1.3.8  Biosphere

The current biosphere model implemented in PFLOTRAN consists of an ingestion dose model from
drinking contaminated well watéMariner et al. 2017, Section 3.2.3hat model can be used to simulate
Example Reference Biospheres 1AldmB of the International Atomic Energy Agen@fEA 2003) and

can explicitly include the effects of highiyiobile shorlived radionuclides like radeB22.

In FY 2020, a GDSA work package at Pacific Northwest National Laboratory (PNNL) was created to
plan the development of a comprehensive biosphere model f8AGBamework. The general

requirements of the new model are that it be generic, flexible, open source, compatible with PFLOTRAN,
and consistent with international recommendations and guidance for such models built for deep
geological repositories. The néosphere model will account for multiple pathways, features, and
interactions and will include radionuclide decay and ingrowth.

Figure3-12 shows a schematic diagrashthe various pathways planned for inclusibigure3-13 shows
the general interaction matrix. A detailed description of the plans for this model is provideddan &
al. (2020) A full report on the progress made in FY 2021 will be available in September of 2021.

Figure 3-12  Schematic diagram of pathways to be included in new biosphere model being developed for
GDSA Framework (graphic from Condon et al. 2020)
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Figure 3-13 GDSA biosphere model interaction matrix(graphic from Condon et al. 2020)
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3.2 Framework Development

In addition to development of the PFLOTRAN code (®ec3.1), there were advances in PA framework
and PA methods around the code. These advances include development of:

Next Generation Workflow graphical interface for GDSA Framework simulations (S&cfdh
Visualization and local grid refinememsingVoroCrust (Sectior3.2.2)

Uncertainty and sensitivity analysis applications and methods (SE&cEGh

International generiperformance assessment mad&lection3.2.4

Geologic Framework Modelpplicationto crystalline rocSection3.2.5

=A =4 =4 =4 =4 =4

Improved gneric reference case moslgbection3.2.9
i GDSA Calculation ArchivéSection3.2.7)

3.2.1 GDSA Framework Graphical Workflow

The GDSAcomputational framework is largely comprised of two primary computational capabilities:
PFLOTRAN and Dakota, as described in Sec#cdh An analysis supporting thgerformance assessment
of a geologic repositorypnvolvesthe development and use of many additional connective computational
components beyond these two primary componémtgiding thedevelopnent ofinput files,scripts that
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connect the capabilities ®#FLOTRAN and Dakotascripts tosubmit calculations to computational
resourcesgapabilities tayather and pogtrocess results, and much more. The collection of these
computational components that comprise the complete body of work requpextitce results of
interest from a computational simulation capahilgych assDSA Frameworkis hereafter referred to as
ananalysis workflow

Thedevelopment o&nalysis workflove for GDSA analysesommonlyoccurs oran analysidy-analysis

basis andequires the expertise of highly experienced modieatysts who are very familiar with the
PFLOTRAN code bas@.hesecomplex analysis workflowsfteninvolve many manual steps and

continuous monitoring of simulationghis can make it difficult to replate previous analyses, haoff
analyses between analysts, and/or train new analysts to produce analysis wakflbgvseproducibility

of these analyses depends on how well the modeler/analyst organized and documented what was done.

To improveanalysisworkflow automationdevelopmentreproducibility, and traceabilitior repository

PA simulations, the GDSA team began developing automated analysis workflows using the Next
Generation Workflow (NGW) capability iRY 2020 The NGW capability is an openwee engine that

was developed at Sandia National Laboratories to provide analysts with a capability to construct, execute,
and communicate er-end computational simulation analysis workflo{@sient et al. 2020)This

capabilty is a graphical, nodbased interface that includes many-pregranmed support functions

which are utilized within computational simulation analysis workflows. NGW is available within the

Dakota Graphical User Interface (GURidgway 2020 and is thus available to the GDSA analysis
community.

Development of NGW analysis workflows for the GDSA Framework is focasguoviding an
automated workflow capability with the following objectives:

Reduce the learning curve for new users to set up and run simulations and analysis workflows
Speed up anadys workflow execution time

Eliminate/reduce the need for manual intervention and allow for automated monitoring

1
1
1
1 Reduce the potential for the introduction of human errors

1 Increase traceability and reproducibility

A series of analysis workflows utilizing N@ for GDSA analysis exemplars, including a short course
exercise and the Crystalline Reference Case, were developed in FY20 to pilot the use of this capability for
the GDSA progranas described biariner et al(202). Section 3.2.1 of the FY20 GDSA Framork
report(Mariner et al202(1) details the development of these workflows, provides examples of their use,
and proposes a path forward for additional development. AppendiMaraier et al(2020) provides a
complete graphical workflow, demonstragianuncertainty quantificationQ) study. This workflow

sets parameters of interest, inserts these parameters into the PFLOTRAN input file, collects additional
input files, runs PFLOTRAN, and develops and runs apastessing script. The eventual goathis

work is to develop an analysis workflow library that can be made available to the GDSA analysis
community.

The development and application of the analysis workflows for the Crystalline Reference Case described
above continued in F2021 in supporbf the Uncertainty Analysis (UA) detailed 8wiler et al.(2021)

and summarized in Secti@2.3 The workflows developed for the UA are organized in a nested

structure which is hereafter referred to asGhgstalline Reference Case UA Nested Workflow

Crystalline Reference Case UA Nested Workflow development, including the extension of the workflow
to newquantities of interegQol) and hardening the workflow to be more robust to changes in systems
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and supporting software versions, took place throughout the year to support the final UA production runs.
Crystalline Reference Case UA Nested Workflapplication took place throughout the year as the

workflow development progressed and included testing as well as two full UQ studies for the Crystalline
Reference Casd@he benefits of the additional development and extended application of the Crystalline
Reference Case UA Nested Workflow structure in FY 2021 included:

Quicker turnaround for full UQ studiemabling two full studies in one year
Easy handoff of workflows across analysts

Increase in collaborative teamwork supporting final production ruaislet by version control
and file sharing

9 Increased robustness against HPC outages during production runs

A notional view of the detailed structure of the Crystalline Reference Case UA Nested Workflow is
shown inFigure3-14. A detailed description of each of the elements of this workflow along with an
overall description of this structure is givenSwiler et al.(2021). An example of one of the elements is
shown inFigure3-15, which depicts the Local Resource Deterministic Workflow as it is implemented in
NGW. This element sets up the input files, substitutes sampled paranieés, @ad sends all required
inputs to a subsequent workflow that submits, runs, andgrosesses the PFLOTRAN simulation on the
HPC resource.

rAleatory/ Spatial Sampling Workflow Symbol Key

Aleatory/ Aleatory @ coce
2 71l Dakota Uncertainties @D /ction

(DFNs) [ GE

Epistemic
Dakota

Epistemic

) Uncertainties
Input File

Deterministic Simulation Setup & Execution

prolzre(:-sing PFLOTRAN Post- Deterministic

process-ing Results

HPC Submission Workflow
Local Resource Deterministic Workflow

—— o ———

Post- Epistemic
Results processing Results

Epistemic Post- Aleatory
Results processing Results

-

v

Figure 3-14 Detailed notional view of the Crystalline Reference Case UA Nested Workflow structure
showing the workflows along with important files, actions, and codes that are employed for
each.
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Figure 3-15 NGW implementation of the Local ResourceDeterministic Workflow element of the
Crystalline Reference Case UA Nested Workflow

In addition to the development and application of the Crystalline Reference Case UA Nested Workflow,
an introductory training course for the NGW software amdlysis workflows developed using this
capability to support GDSA was developed in FY21 and was presented to GDSA code developers,
analysts, and program management on March 8, 2021. This training covered the basic elements of the
NGW software and includeuands-on demonstrations to introduce attendees to using the software
through the Dakota GUI. Finally, the training included a whHlough demonstration of the Crystalline
Reference Case UA Nested Workflow structure describede This training increagkthe awareness of

the NGW capability across the GDSA team and promoted the use of this capability for future analyses
beyond the Crystalline Reference Case UA. The training materials for this course are available upon
request.

The workflow capabilities daonstrated for the Crystalline Reference Case will be expanded to additional
studies and applications under the GDSA program in future work due to the successful application of
these capabilities for therystalline Reference Case Uk addition to exteridg this capability to new
applications, documentation including instructions on setting up and running workflows will be
developed to support the adoption of the workflow by new analysts. This will include recommendations
for UQ studies and could leverafgessterrunning examples as study problems.
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3.2.2  Voronoi meshing and simulation

Significant progress has been made on Voronoi meshing and PFLOTRAN simulations on the meshes this
year.Two major advances in the VoroCrust meshing software have been achieveds Butput for
visualization and local grid refinemefithe Exodus Il file format is necessary to create {ujghlity

images of threglimensional simulation results in ParaVidwcal grid refinement allows users to have a

fine simulation mesh in region$ imterest and a coarse mesh in less important regidns reduces the

number of gridcells and speeds up simulations.

LaForce et al. (2021) Section 6.2 shows mesh development for four test cases of common reservoir
structures, along with qualitative agdantitative (where possible) error analysis for 16 simulation
examples on the mesh. The simulation mesh on a slice through the interior of each volume is shown on
Figure3-16. The analysis indicates that the Voronoi meshes and simulations on them are accurate where
analytical solutions exist, consistent where there are no quantitative benchmarks, and that results are
reproducible across multiple realimats of the mesh.

A largescale geological model of the Rock Springs uplift anticline has been meshed using VoroCrust and
simulations have been run on them (LaForce.&X11,Section 6.3)This structure has been meshed in
previous reports (LaForce &t 2020, Sevougian et &01%), but complex simulations were not possible
without the new local grid refinement capability and the new PFLOTRAN solvers developed in Nole et

al. (2021).

Utilizing local grid refinement, it is possible to define four dyespaced gas injection wells and
accurately simulate buoyagas flow beneath an interior geological material boundary. Four wells inject
C(O; at a combined rate of approximately 1 million tons per year for 100 yeashown inFigure3-17,

the randomlyoriented grid is able to capture gfiggering during the unstable gas displacement, which is
difficult to do using structured mesh&hough the examplis not directly applicable to GDSA

workflow, this demonstrates that PFLOTRAN with VoroCrust meshes is capable of simulating highly
complex problems using output from commercial geological mapping software at the large scale.
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Figure 3-16  Simulation meshedor four teststructure volumesshowing permeability for heterogeneous
simulations. Top Left: Test case 1 with 4 horizontal layers. Top Right: Test Case 2 with a
pinch-out. Bottom Left: Test Case 3 with an interior lens. Bottom Right: Test Case 4 with
layering and an offset fault Test Cases 43 are shown on the XZ plane on a slice through the
plane y=10, while solution for Test Case 4 is shown on the YZ plane on a slice through the
plane x=10 (after LaForce et al. (2021))
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Figure 3-17 Liquid saturation at the top of the injection interval (plan view-i.e., xy plane) at5 years of
injection. Green circles mark the well locationswhich are 1 km apart.
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3.2.3  Uncertainty and Sensitivity Analysis

The reportUncertainty and Sensitivity Analysis Methods and ApplicatioiaDSA Framework
(FY2021)(Swiler et al. 2021Ldescribes the work done & and sensitivity analysis (UQ/SA) in detail.
This section provides a summary of that work.

This yearthe GDSA UQ/SA tearfocused on three major areas:

1 Multifidelity UQ methodsWe demonstrated the use of multifidelityiF) methods in the context
of global sensitivity indicest hey wer e used to calculate the Sot
describe the fraction of an output variance that is attributable to the variance in an input
parameter.

9 Discrete Fracture Network (DFN) analysid/e performed more dailed analyses of the DFNs,
including a study of the transmissivity relationships used in the DFN genei&tofound that
the correlated constant transmissivity gave much lower permeability fields than the depth
dependent transmissivity relationshipt that many of the Qol were not statistically significantly
different when using a correlated constant vs. depfiendent relationship.

9 Sensitivity analysis of an updated crystalline reference €aseSA studythis yearincluded an
additional input paameterinstant release fractidihiRF), and several new QoWe demonstrated
a capability to calculate the sensitivity indices as a function of time to show how different input
parameters may have a changing effect on a Qol over timedjeegparameter ay be important
in early years and another at 10QKI years).

3231 Multifidelity UQ Methods

The main idean multifidelity UQ isto extract information from a limited number of hifitielity model
evaluationsaand complement them with a much larger number of a set of lower fidelity evaluations. The

final result is an estimataf the mean responséth a lower variane: a more accwate and reliable

estimator can be obtainatl lower computational castVe presented results demonstrating the use of

these multifidelitymethodd n cal cul ati ng Sobol é& sensitivity indi
simplified crystalline reference sa that retained many of the key qualities of the full reference case.

We examined the use of Polynomial Chaos Expansion (PCE) surrogates within the multifidelity
framework.We found that the multifidelity framework for sensitivity analysis performeabé&it some

Qol than othersdepending on whether the Qol exhibited discrete/discontinuous behavior and whether
spatial uncertainty was includdéor the case with no spatial uncertainty, MF PCE was able to generate
the global sensitivity indices faertan performance Qol (e.gpeak™* in the aquifey at a fraction

(2.5%) of the cost of calculating the sensitivity indices from a full set of high fidelity runs. Our study
showed that a MF PCE which exploits a hierarchy of meshes has the potential to improve sensitivity
analyses when evaluations at theét level are limited. More work remains in the validation of the PCE
models and the extension of the MF framework to the full production crystafiexencecase

An example of the Sobol é indices c ahtcostlof1.02d wi t h
runs using multifidelity sampling (with a sample profile of 18 high fidelity complemented by 108 medium

fidelity and 108 low fidelity) is shown iRigure3-18. Note thatoth approaches produced nearly

identical results for the following Qothepeak? concentrationn the aquifer, the peak of the ratio of

two fluxes (aquifer to east boundary and rock to east boundangdhe median residence tino¢ a tracer

in the repositoryExamination of other Qol is ongoing.



GDSA Framework Development and Process Model Integration FY2021
36 September 2021

Peak Max 1129 in Aquifer [M] Peak AgEb RockEb
Main effects Total effects Main effects Total effects

permBuffer 4
permDRZ - 1 § 1
KClacial - | e | T |
rateUNF A 1 1 1
wpBreachTime

pBuffer

0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0

MdRT of Spike in Repository [yr]
Main effects Total effects
permBuffer
permDRZ
kGlacial A
rateUNF
wpBreachTime 1
pB“ﬂ“r— '—
U:U Uf5 11(3 UjU Uj5 lj(]
N Equivalent HF samples
. 328 21.02 (SS = 18, 108, 108)
Figure3-18 Compari son of Sobol & indices fr om -fiddlitysam@eser enc e

(blue) and for the MF PCE (orange)

3.2.3.2  Discrete Fracture Network (DFN) Analysis

In FY 2021, members ofhe UQ/SA teanused a recently added feature of dfnWdikgenerag the
DFNsfor this analysis: correlated deptlependent transmissivitfheyexamined the resulting averaged
permeability fields in the ECPM and compared the impact of using correlated constant vs. correlated
depthdependent transmissivity.

The transmissivity approadtad a large, statistically significant impact on the geometric mean of the
permeability fields at each depth level in the repository. The two upper depth zones had higher averaged
permeability fields when using the defthpendent transmissivity.

The chdce of transmissivity relationship did not havenajoreffect on som&ol such as peak® or

median residence time of a tracer in the repositdogvever, the transmissivity relationship chosen did
show a significant effect on the water flux ratio (deuto east boundary flux / rock to east boundary

flux). This is to be expected since the flow rate from the aquifer to the east boundary is likely minimally
affected by the DFN while the flow rate from the rock to the east boundary was increased stynitica

the depth dependent transmissivity relationship due to the large increase in permeability of the rock in
depth zone 1.

This is a preliminary study of transmissivity but points to the significance of the DFN parameterization
within the full repodiory performance assessment calculatiéigure3-19 shows a boxplot of the peak

129 in the aquiferffor the two transmissivity relationshipalthough the boxplots kok a bit different,
statistical tests indicate that we cannot say the mean values of th&%&akn these two sets of data are
statistically significantly different.
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Figure 3-19 Boxplot of Peak Total'®? based on 20 DFNs using a correlated constant transmissivity (left)
vs. 20DFNs with a correlated depth dependent transmissivity (right).

3.2.3.3  Sensitivity Analysis of an Improved Crystalline Reference Case

This yearthe GDSA UQ/SA teammodifiedthe repository in the crystalline reference case to make it
cooler.Every othetWP was removed and was replaced with buffer. As a réalifttemperaturereached
a maximunof 1201 3 0, far below values reached previoudly addition,new DFNswere generated
with the depthdependent transmissivity relationship and new featwere addegdincluding soil
compressibility Also, thelRF was treateds an uncertain parametEémally, in the nested sampling
approach, differergpistemicrealizationsvere generatefbr eachspatial(DFN) realization

Additional Qolmeasuredhis year include median residence time of a conservative tracer in the
repository, fraction of a fspi keandratibsrobivarieuswatee mai ni n
fluxes These Qol were used to understand repository leakiness and retanttitmdistinguish

characteristics attributable to flow through the different DFNs and the hydraulic connections between the
repository and the aquifer

Similar to last yeara sensitivity analyss was performeavith and without the graph metrics included as
parameters, where the graph metrics are proxy variables representing the spatial variability introduced by
the DFNsDetails of theSA results both for scalar Qol as well andidependent Qolvere presented

(Swiler et al. 2021)

Thetmedependent sensitivity analysis, where the Sobc
points throughout the simulation, is a new capability added this year which invdiggsfecant amount

of computation and software infrastructurer each time point, a surrogate must be constructed over all

the simulation results for the Qol at that time point, and the SA calculations to determine the sensitivity

indices must be perforad. This additional computational infrastructure to support tdependent SA

has the benefit of more cleasiowinghow various parameters change their importance over Wifitb.

that information, we can better relate the sensitivity analysis resukis fghysics of the problem.

As an example of the tirrdependent sensitivity indices and accompanying information generated from
the PFLOTRAN runsFigure3-20 shows tle sensitivity analysis results for the maximtfh
concentration in the aquifer as a function of time.
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Figure 3-20 Global sensitivity analysis results over time for the maximuni?d concentration in the aquifer

Specific findingd r o m

t hi

S

year 6s

documented ilChapter 4of Swiler et al. (2021)

)l

Log-transformation improved results f§1. This transformation was justified by comparing the

areslintedibetlowhhé supportang aandlyg aré s

stud

GSA results to scatter plots at different points in time to ensure that the relationships identified in
the GSA are apparent in the data at corresponding times. This also made sense to do because of
thevery low variance it?1 due to variation between low orders of magnitude.

Theuncertainty inRF had less of an impact relativettte uncertainty ofateUNFon the peak

129 concentration. This is likely because thecertaintydistribution onlRF was much narrower

thanthatfor rateUNF However, tased on the correlation betwd®&¥F and mean pea¥? in the
simulations, anRF valueof 0.1generatesearly half of thé® in themean peak®

concentration

Graph metrics tended to dominate sensitivity analysis results when included in the surrogate
model construction, suggesting that spatial heterogeneity may drive uncertahd@ynean peak

129 concentration in the adferr in these simulations.

Sensitivity analyses for fluxeBlux ratios and repository retentiosf traceramade
phenomenological senseéhe addition of these Qol is an important advancement for the

crystalline reference case.

The number of fracture intsections with the repository correlates strongly with the direction of
flow through the rockthere is more upward flow in the rock relative to horizontal flow as the
number oftheseintersections increases. The numbetheleintersections also correlates with

higher peak? concentration in the aquifemeaning fracture intersection avoidance has
significant performance implications.
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3.24 DECOVALEX-2023 Task F

The DECOVALEX project isn international research and model comparison collaboration for
advancing the understanding and modeling of coupled THMC processes in geological systems
(decovalex.org). Task F of DECOVALEX023(LaForce et al. 2021} a task that focuses on
comparisorof models and methods used for polstsure PA. Members of the GDSA team at SNL are
leading this effort. The goal of this work is to test and build confidence in the models, methods, and
software used for postiosure PA and to identify additional reseaatid development needed to improve
PA methodologies.

In Task F, two hypothetical repositories are being developed, one in crystalline rock and the other in salt.
In the first year of the fouyear task, nine teams from six countries participated in trstatline

repository and benchmarking exercises, and three teams from three countries defined a generic salt
repository reference case. In the second year, each focus group gained one additional team.

To date, Task F has provided and will continue to pmwdmerous opportunities for learning new
modeling approaches, developing new models for use in PA simulations, testing uncertainty and
sensitivity analysis methods, comparing PA methodsganlanging ideawith modelers in other
programs. Several accotighments in the past year are highlighted in the subsections below. Additional
information on the status of this work is documentedaRorce et al. (2021

3241 Crystalline

The primary focus of the crystalline group during the first year of Task F wassthmgtand comparison

of codes used to simulate flow and transport through fractured rock. Several benchmark cases were
simulated by participating teams. This exercise allowed participants to examine differences in model
implementation, types of model outppand the influence of modeling choices.

One of the exercises the SNL team took was to simulate the analytical solution of Tang et al. (1981)
discussed in Sectiah1.3.4and showrearlierin Figure3-7. This exercise confirmed that PFLOTRAN
can simulate with high accuracy the effects of fracture flow coupled with matrix diffirsin

equivalent continuous porous mediuBECPM).

The primary benchmark exercise of the Task F teams during FY 2021 waascae DFN problem with

and without stochastic fracturdsgure3-21 showsthe UniformECPM representation of the four
deterministic fractures and the permeabilities of the cells affected by those fractures. Not all teams used
an ECPM, several teams applied multiple models, and two teams applied particle tracking. In general,
certain modelperformed better than others.

Breakthrough curvegenerated by the SNL tedor the4-fracture DFN problem without stochastic
fracturesare shown irFigure3-22. Consevative tracer is introduced into the fractatehe left boundary
and the breakthrough curves are measured at the right boultesg of the breakthrough cunieshe
figure are from simulations that ug~LOTRAN (andthe advectiordispersion equatig ADE) and one

is from a simulation that uses particle tracking. Two use the DFN directly and tvao HEM

generated from the DFN. The Octree ECRMichallows for atetrahedral mesand isrefined only
where there are fracturg@esulted in a totalf@30,086 activecells The Uniform ECPM for this problem
uses 9704 active hexahedral cefig(re3-21) (LaForce et al. 2021)n the Octree ECPM, all cells in the
domain are active, whereas in the Uniform ECPM only cells simulating fracture behavior are active.
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Figure 3-21  Uniform ECPM representation of the four deterministic fractures of 4fracture DFN problem
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Figure 3-22  Breakthrough curvesof SNL simulations of the4-fracture problem with out stochastic
fractures. Three simulations use PFLOTRAN and the advectiowlispersion equaton (ADE).
Two use the DFN directlywhile two use an ECPM generated from DFN mapping. The ECPM
Octree mesh (30,08%ctive cells) is much more refined at fracture locations than the ECPM
Uniform mesh (9704active cells).
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Figure3-23 shows the 4racture system with thaddition offamilies of stochastic fractureSimulation
by the various teams die 4fracture problem with stochastic fracture®ngoing

The benchmaikg of fracture and fracture network problems will continue, buh#wefocus of Task F

is the development of a common crystalline repository reference case for each team to simulate. Many
choices will be madesgarding repository layout, boundary corai, engineered barrieemd

performance metricas the teams prepare to simulate the new generic reference case.

°
=
£
3

— 1.0e+00
Figure 3-23  4-fracture DFN with stochastic fractures

3242  Salt

In FY 2021, the salt group &fIECOVALEX-2023Task F developed a common reference case for
simulation. The general setting is a generic salt dome as shdviguire3-24. The repository is located

at a depth of 850 m and is accessed by two vertical shafts. A plan view of the repository layout is shown
in Figure3-25. The spacing of waste was chosen to ensure that tempe@iureswaste package surface
will not exceedl00°C.

The teams will simulate a scenario in which shaft seals fail at 1000 years allowing brine to flow down the
shafts and into the repository. addition to the information shown Figure3-24 andFigure3-25, the
teams hag agreed upon:

SNF and HLW casks, canisters, and inventories

Cask and canister heat outputs over time

Waste formlRFs and degradation models

Vertical emplacement boreholes, backfills, and drift seals

Shaft seal design

=A =/ =4 =4 =4 =4

Material properties
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1 Geochemical envimment
1 Initial conditions
9 Outputs for comparison
These details are presented and discussed in SectidraFarfce et al. (2021
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Figure 3-24  Geologic crosssection of salt reference case for Task F
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3.2.5  Geologic Framework Model

Hostrock models for the crystalline reference case have focoisedgeneric representation of the
geospherbased partly on features of crystalline rock (e.g., fracture systems) that have been well
documented at the Forsmark site in Sweden (Mariner et al. 20X6Y. 2021, we have developed a
conceptual model of the shallow geosphere (within ~100 meters sfitfaee) based on features
characteristic of the crystalline environment in the northeast&@nlLhForce et al. 2021). The primary
features of the model are horizontal transmissive fractures in the uppermost crystalline bedrock and
several types of glaal deposits of differing permeability that overly bedrock. Glacial deposits
represented in the conceptual mo d el are glacial
and glaciomarine silts and clayihese three glacial deposits are congiddo be the most significant in

terms of areal distribution, neaurface hydrology and flow and transport in surficial deposits (Thompson
2015).Data to support the conceptual model are described in detail in LaForce et al. (2021), with a short
overviewprovided below.

3251 Data to Support the Conceptual Model

Areasin New England werasedto form the physical basis of the conceptual model. These areas are
characterized by low topographic reliefstable tectonic settingnd a Quaternary history of glaciation
resulting in thin glacial deposits that overlie the crystalline bedrock (LaEbale2021). These

characteristics are similar to those at the Forsmark site, allowing us to identify similarities and differences
in the two settings that might inform how flow and transport is modeled in the shallow geosphere.

The area around tigebag Lake Plutorof Maine is an example of one of treferenceareas Figure

3-26). Glacial till is the oldest glacial deposit and covers98& of the landscape. Glac@litwash

deposits composed of sand and gravel form isolated, elahdgpesits that fill valleys and palealleys.
Regionally, these deposits cover about 4 percent of the landscape. Due to their high permeability, sand
and gravel deposits are the majquiers in the region. Because their deposition was largely confined to
channels in valleys and broad lowlands, their distribution in the region is highly locdtigede3-26).

This is potentially significant to both transport and biosphere models in that the most permeable deposits
(and highest producing aquifers) occupy relatively small and discontinuous areas of the overall region.
Fine-grainedglaciomarine silt and clay deposits are present on the eastern margin of the reference area.
Where present, silt and clay deposits form the major confining unit within the region.

Nearsurface horizontal fractures/joints are a common feature in the ragibare noted as significant
transmissive features throughout southern Maine (eigure3-27;, Hansen et atl999). These fractures

have been observéual quarries at depths as great as 40 and 80 meters (Dale, 1923). Joint spacings of
15-20 meters have been observed bounding the deepest sheets (Dale 1923). Horizontal joints generally
bound lenticular sheets that gradually taper near their ends anjairgactions. Individual fractures

extend for lengths of at least several tens of meteralo§ous horizontal fractures at Forsmark are
interpreted tde hydraulically connected ovdistances of B3 km (Follin et al. 2008, Johansson 2008).
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exposure in southern Maine (MGS2017)
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3252 Conceptual Model of the Shallow Geosphere

Based on interpretation of features in the shallow geosphere, a conceptual model of features and
stratigraphy can be constructed and depicted as a schenmoassection Figure3-28). The crosssection
includes the boundary of marine submergence to show differences of deposits in marine and terrestrial
environments. The diribution and properties of glacial deposits play a significant role in groundwater
flow and transport and form the interface between the crystalline basement and the biosphere. Till
deposits with permeability of ~0m? and a thickness of-2 meters ca be assumed to be continuous

over the entire landscape. Interspersed on the landscape at intervals on theldrdenaife highly

permeable (18 m?) glaciofluvial sand and gravel deposits that generally coincide with modern drainage
channels. In somareas, sand and gravel was deposited on top of marine silt and clay (Thompson 1987).
Sand and gravel deposits allow enhanced localized lateral groundwater flow in the surface environment,
ultimately dischargingnto streams and lakeRadionuclides are ergted to be transportedivectively

and diluted as they move horizontally through the sand and gravel deposits. In areas below the marine
limit, marine silt and clay deposits act as confining units that overlie either till or sand and gravel aquifers.
A summary of the properties of the glacial deposits is presentédhile3-4.

Crystalline bedrock depicted below the surficial deposits includes a shallow zone of labrizigidy
transmissive fractureBased on analogous fractures at Forsmark (e.g., Follin et al. 2008), horizontal
sheet fractures are expected to have a significant role irsndace groundwater flow. Hydraulic
properties of the shallow horizontal ftage system are only known through studies of analogous features
at Forsmark (Follin et al. 2008; Johansson 2008). Permeability of the fractured otheisange of

10" to 10'° m? (Johansson 2008%hallow horizontal fractures extend to a depth of ~1080 meters at
Forsmark and have been observed at a depth of 80 meters in quarry exposures in Maine.

Shallow horizontal fractures/sheet joints, believed to be analogous to those observed in Maiae, hav
significant role in conceptual models of shallow groundwater flow at Forsmark (Follin et al. 2008;
Johansson 2008; Berglund et al. 2013). As understood from studies at Forsmark, transmissive horizontal
fractures act as a groundwater drain that captigep groundwater from below and recharge from above.
As summarized in Johansson (2008) and Follin et al. (2008), horizontal fracturdcmnesponding to
fracture domain FFMO02 at Forsmawe thought to be hydraulically connected over distances3of 2
kilometers. When groundwater from depth intersects the shallow horizontal fractig@apiéded from
discharging locally ant insteactarried laterally to discharge at the edges of the horizontal fracture
domain Johansson 2008&erglund et al. 2013)he findings at Forsmark suggest that the shallow

horizontal fractures are not present uniformly beneath the landscape but are instead grouped into domains
with an extent of a few kilometers (Follin et al. 2008).
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Figure 3-28 Conceptual model of stratigraphy and fracture systems of the shallow geosphere. Vertical scale
is highly exaggerated

Table 3-4 Representative values of propertiefor glacial depositsincluded in the conceptual model

Property Till Glaciofluvial sand | Marine silt and
and gravel clay
Typical thickness (m) 21 3 57 25 107 40
Permeability () 10%71 1018 m? 107 1019m? 1071 105 m?
Porosity 0.21 0.4 0.257 0.45 0.4
Typical well yield (gpm) | 17 2 107 1000 Not available

3.2.6  Repository Reference Cases

Over the past decade, an assortment of generic repository reference cases has been developed and
simulated using PFLOTRAN ar@DSA FrameworkTable3-5 identifies the ore reference cases and

their associated documentation. They include reference cases in different host rocks and different designs.
New developments in these reference cases in the past year are highlighted in the suthsgdtitiog:.
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Table 3-5 Repository concepts and generic reference cases implemented WBEBSA Framework

Repository Type(s)

Conceptual Models

Recent Model
Applications

Argillite/shale repository

SNF ranging from £WR wastgackages to 37
PWR DPCs

High-temperature shale repository

Jové Colon et al. (2014)
Zheng et al. (2014)

Stein et al(2020

Mariner et al. (2017)
Sevougian et al. (2019)

Stein et al(2020

Crystalline repository

Commercial SNF

DOE managed waste (cancelled by DOE in 201

Wanget al. (2014)

Mariner et al. (2016)Swiler
et al. (2019, 2020, 2021)

Sevougian et al. (2016)

Salt repository

Commercial SNF

DOE managed wasteancelled by DOE in 2017)

Sevougiaret al. (2012);
Freeze et al. (2013)

Sevougian et al. (2016)
LaForce et al(2020

Sevougian et al. (2019)

Alluvium repository, unsaturated conditions

SNF ranging from 1PWR waste packages to-37
PWR DPCs

Mariner et al. (2018)

Mariner et al. (2018)
Sevougian et al. (2019)
LaForceet al.(2021)

Dual purpose canister (DPC)

24- to 3-PWR DPCs and 680 80BWR DPCs

Price et al.Z01%)

Price et al. 2019hH

Deep borehole disposal (cancelled by DOE

2017)

Various waste types, including Cs/Sr capsules

Brady et al. (2009)

Freeze et al. (2012019

3261 Shale

Early in FY 2021, new conceptual models for a Higimperature shale reference case were defined. Two
types of shale werdistinguished, ductile and brittle, and multiple options were presented for repository
layout and engineered barriers. Full details of these designs are documented in Stein et al. (2020).

The results of new simulations of the previously developed lbevgoerature shale reference case are
shown in Sectiord.1.3.3 Those simulations were used to demonstrate the implementation BMio
model surrogate models that weigdated in FY 2021. The results indicate fRsltD is more rapid than
using the traditional fractional degradation rate model for the applied conditions.

In addition to the full reference case, a smaller scale shale submodel was developed and sirkiYated in
2021. The primary purpose of this smaller scale model is to examine the effects of resaturation and
swelling on buffer and DRZ evolution. A diagram of the model domain is provideigjime 3-29.

Results to date indicate that the reduoeder buffer swelling model implemented in PFLOTRAN
generally simulatethe geomechanical behaviors predicted by theftdlypled mechanical models.
However, there is still more wotk be done. A full analysis of this exercise and projections for future
work are provided in LaForce et al. (2021).
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Figure 3-29  Shale repository subnodel (A) and mesh (B)

3.26.2 Crystalline

Advances in the crystalline reference case in the past year were in the reference case model itself and in
the conceptual geologic framework model of the near surface and overburden. The advances in the
implemented model are documented in parts of Swilal. €2021). Those for the near surface are
documented in Sectioh2.5above and in LaForce et al. (2021). In FY 2022, a plan will be developed to
implement the idntified near surface features and characteristics into the crystalline reference case so that
it can be connected to the new biosphere model under development (SeBof.

A diagram of the current crystalline reference case model domain and implementation is Shigwrein
3-30. Important adjustments and additions to thes@lline reference case simulations this year include:

1 A cooler repository was generated by removing every diffefmaximum temperature of the
centermosWP decreased from 20Q to 130°C)

An uncertainty distribution for thERF was implemented

Additional Qol were automated in the workflow to measure median residence time of initial
tracer in the repository and other Qol for DFN realizations and sensitivity analysis

1 A new sampling scheme was implemented to increase the sampling of epistemic uncertainty

The resulting simulations indicate thatl&¥F of 0.1 for'?% accounts for nearly half of the pe&R
concentration in the aquifer. They also indicate that the number of fracture intersections with the
repository correlates with upward flow through the rock and higher8&aoncentrationsSwiler et al.
20217). Additional analysis is planned for exanimig relationships between repository retention time,
water flux ratios, and peak’ concentrations.
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Figure 3-30 Crystalline reference case ECPM realization showing the repository, a midline cutaway ofeh
cells propagating fracture properties, and the surfaces where water flow Qol are measured

3263 Salt

GDSA activity in the salt reference case in FY 2022 focused on the development of a new conceptual
model and design for a salt dome reference case. That Wgmkdwith DECOVALEX2023 Task F.
Section3.2.4.2above highlights the related accomplishments on that model this year. Details of that work
are documented in LaFae et al. (2021).

3264 Unsaturated Alluvium

As documented in Section 5 of LaForce et al. (2021), there were several important advances regarding the
unsaturated alluvium reference case in FY 2@2jure3-31 shows the general lithology and repository
layout implemented. Details are provided in LaForce et al. (2021).

The new smoothed characteristic curves (Se@iar?.) and improved PFLOTRAN solvers (Section
3.1.2.9 allowed, for the first time, complete simulation of this reference case. Two infiltration rates were
simulated, 1 and 10 mgr*. Example results are shownFigure3-32. As indicated, dry conditions are
calculated to occur early in the simulation and to continue for hundreds of years.

In addition, a smallescale model was developed and simulated to shelgffects of meshing for a
single DPC in the near field of an unsaturated alluvium repository. The results, shéiguaraB-33,
indicate that the Voronoi mesh appch produces more realistic contours of gas pressure and gas
saturation than could be obtained from an unstructured grid apicsebrce et al. 2021)
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Figure 3-31 Half-symmetry model domain of the unsatuated alluvium reference casg¢3915 m x 1065 m x
1005 m). The repository is located at a depth of 250 m. The haymmetry repository includes 27 drifts
containing 25WPs 24-PWR, 100 y OoR, 40 GWd/MTU burnup) spaced 20 m apartenter-to-center. Drift

spacing is 50 m
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Unstructured grids Voronoi mesh Unstrictured grids Voronoi mesh

Gas Saturation

Figure 3-33  Gas pressure (A, B) and gas saturation (C, D) results from PFLOTRAN models using

3.2.7

unstructured grids and Voronoi meshes at t = 100 years for an unsaturated alluvium
repository

GDSA Calculation Archive

In FY 2021, the GDSA team establishib@ GDSA Calculation Archivea centralized digital repository
of GDSA calculationsThi s ar chi ve, host ed tagets alcWEAdnslestonet er n a l
calculationsandtheir supporting input files, codes, andrkflow. The home page is shownHhigure

3-34.

The main purpose of the archiigefor improved internal communication and knowledge capfihe.
primarygoals are

)l
)l
)l

1

To document and archive GDSA calculations in a secure, centralized location
To allow aitonomous sharg of these calculatioreanong GDSA team members
To provideR&A techrical reviewers easy access to supporting materials and calculations

To provideaspringboardor new calculations

Examples of materials ithe archive include

=A = =4 =4 =4

PFLOTRAN input decks (with paths to data files appropriately updated)
Data filesimported by the PFLOTRAN input decks

Dakota input files

Meshes

SimplePFLOTRAN outputs (e.g.obs files, agg filesmas file$ (This specifically excludes
certain PFLOTRAN outputs likiill .h5 output)

g
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1 Spreadsheets (ideally converted8V format unlesplots or other not€CSV functionality is
used in the spreadsheet)

1 README files with appropriate metadata
Metadatan the README files include

Originator(s)/author(s)

PFLOTRAN commit hash (if PFLOTRAN was used)
Software used and version (if not PFLOTRAN)

Citation of the deliverable in which materials were used
Section of the deliverable in which the materials were used
Description of all files included in the directory

Possible links to additional materials

=A =4 =4 =4 =4 =4 -4 =4

Comments as needed to convey important/usefulrimdiion

The GDSA Calculatiorchiveis not a working directoryUpdates to preserve the working condition of
the materialshoweverare welcome. For example, if a PFLOTRAdbut deck from a past deliverable
becomes incompatible with future code releagasser could push an updated input deck that produces
the same results on an updated version of the code.

[ | B> GDSAFrameworkReports- AL X | Mg Files - master - GDSA/ caleulatio X | == - o 24
= (@] 0] %) https://cee-gitlab.sandia.gov/gdsa/calculation-archive/-/tree/master * 7= :
& GDSAwiki @ Geodissa [ SFWDDocs [E] PFLOTRAN [ WebofScience Agb CalcArchive (% R&A (@) SNL [ GDSAPubs [E] Time Reporting > | [) Other favorites

E Projects ¥  Groups ¥  More v = Search or jump to...

€ Ao GDSA » calculation-archive > Repository

LY Project overview master calculation-archive + - History Find file Web IDE & v

B Repository

Merge branch ‘alex/2021_GDSA_PFLOTRAN_dev’ into ‘'master’ [ess af60ccac rl‘:l

Files Michael Anthony Nole authored 1 day ago
Commits

Name Last commit Last update
Branches
Tags @ SAND_calcs Merge branch "alex/2021_GDSA_PFLOTRAN... 1 day ago
Contributors @@ other_calcs Update other_calcs/README.md, other_calc... 8 months ago
Graph & utilities/burnup-calculations Add a utilities directory containing Carter et... 4 months ago
EanizEnE 4+ README.md Update README.md 4 months ago

mrlemr Cilar

Figure 3-34 GDSA Calculation Archive gitlab home page

3.3 User Group

GDSA Framework is being developed for DOE and its subcontractors. Many of the software components
of GDSA Framework are open source, including PFLOTRAN, Dakota, and dfnWorks. These codes are
utilized by a community of users from around the world for wetlted to, and unrelated to, repository
performance assessméatg, Hammond and Lichtner 2010; Chen et al. 2013; de Vries et al. 2013; Karra
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et al. 2014; Gardner et al. 2015; Kumar et al. 2016; Zachara et al. 2016; Avasarala et al. 2017; Trinchero
et al. 2017; Shuai et al. 20119

This section reviews the open source strategy, the PFLOTRAN user community, and how investment in
GDSA Framework development is benefitting ooty nuclear waste repository performance assessment,
but the entire field of subsurface simulation.

3.3.1  Open Source

Open source software licensing governs the free distribution of source code and/or binaries among a
group of software developers and users. PFLOTRAN utilizes the GNU LGPL (lesser general public
license) which states that the code may be distributed anifiedoas desired, but any changes to the
original source code must be free and publicly available. On the other hand, LGPL allows anyone to link
a proprietary thireparty library to the code or develop a graphical user interface on top of the code for
profit. Further details are provided Mariner et al. (2019, Section 2.3.4.1)

There are many benefits to open source collaboration, especially when tepagesupport much of

the code development. First, it encourages collaboration among a diverse team of developers. This
collaboration pushes the code to the masses who can help test and debug the code while providing
feedback regarding user interactiorped source provides transparency that exposes implementation
details that are often critical for scientific reproducibility and quality assurance. These details are often
deliberately or unintentionally omitted from user documentation, journal publicatimheeports. From a
financial standpoint, open source allows developers to pool funds across a diverse set of projects funded
in academia, government laboratories or the private sector. In addition, funding that would be spent on
licensing fees can be rieelcted towards development. Finally, although the most fit codes can survive
under any licensing option, open source may provide a more level playing field for natural selection to
run its course.

PFLOTRAN development is currently supportednyltiple developer groups from around the world.

DOE is perhaps the largest proponent of PFLOTRAN development through its national laboratories
funded by thddOE Offices of Environmental Management, Nuclear Eneagyl Science. In addition,

private sector companies such as OpenGoSim (opengosim.com) have invested development in support of
oil and gas and carbon sequestration efforts, while Amphos21 has developed PFLOTRAN capability for
nuclear waste dispos@.g., de Vries et al. 2013; Iraola et al. 2019)

3.3.2 International User Community

PFLOTRANOGs open source | icensing daiondhmangsicaes si bl e di
broader U.S. and internatior@mmunity.This broad user community enhances the development of

PFLOTRAN by sharing conceptual models, incorporating novel physicochemical algorithms, optimizing

code performance, debugging problematic issailed generating graseots publicity, all of which

benefit DOE inreturn.

The PFLOTRAN website at www.pflotran.org directs interested parties to the online documentation and
the Bitbucket repository (including source code and documentation build stdtasdmcoverage).
Developer and user mailing lists are managed through Google Groups.

Estimating the size and extent of the PFLOTRAN user community is relatively difficult due to the
inability to track downloads on Bitbucket. However, through Google Aitalythe hits on the
PFLOTRAN website are tracked which provides a qualitative estirkayare3-35) and demonstrates
that the PFLOTRAN user base is muititional.
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1 I 1,855

Figure 3-35 User count on the PFLOTRAN website around the world betweedune 12, 202@&nd June 12
2021, colored by country
3.3.3  Short Courses

This year, a virtual PFLOTRAN short course was conducted over anvedgit period, two hours per

week, beginning June 7, 2021. The course had 32 participants across four national labs and six countries.
PFLOTRAN developers at Sandia National Laborataies Pacific Northwest National Laboratory

hosted the short course and covered the basics of flow and transport simulations as well as advanced
concepts relating to multicontinuum modeling of radionuclide transport and subsurface radioactive waste
repositoy simulations.

3.3.4 GDSA Framework Website

The GDSA team continues to support and develop the GDSA Framework websipe/4ta.sandia.gov/

This website is publicly available. The home page is showviigimre 3-36.

The purpose of the website is to:

Describe GDSA Framework, its capabilities, and the objectives behind its development
Providerelatedreports for downloading
Provide links to software used in GDSA Framework (6PFLOTRAN, Dakota, dfnWorks)

Identify collaborators involved in GDSA Framework development

=A =/ =4 =4 =

Announce upcoming events (e.g., PFLOTRAN short courses)
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I Provide contact information

[ @ GDSAFramework-Sandia Nati X | == = o
« > C A ) https.//www-qual.sandia.gov/gdsa e = ¢ 4
R Gosawiki @ Geodissa @ SFWDDocs [] PFLOTRAN (3 WebofScience Mg CalcArchive &% R&A (@) SNL [ GDSAPubs [EJ TimeReporting 38 TierBoard (> 8844 Site P7) Other favorites

Welcome to GDSA Framework

GDSA Framework

GDSA Framework Software Publications and Reports « Events Contact Us

\ ~ >

A Geologlc R‘epos:tory Modelmg and Assessment
Capability - \

GDSA Framework (Geologic Disposal Safety Assessment Framework) is an open-source software toolkit for probabilistic performance assessment of deep
geologic repositories for nuclear waste. GDSA Framework simulates the coupled processes affecting radionuclide mobilization and transport in deep geologic
repositories and performs forward propagation of uncertainties to evaluate confidence in performance measures. Performance assessment ensures that
repository systems meet safety standards and is a required component of repository licensing. GDSA Framework has been applied to generic repository
concepts in salt, argillite, and crystalline rock, as well as deep borehole disposal concepts.

GDSA Framework will run on your laptop or on a super computer. PFLOTRAN, a massively parallel multiphase flow and reactive transport code, is the multi-

physics simulation engine. Dakota analysis software provides a flexible, extensible interface between the simulator and suphmu ated uncertainty and

sensitivity analysis tools.

Figure 3-36  GDSA Framework website fttp://pa.sandia.gov)

3.35 SFWST Document Archive

The GDSA team continues to improve and maintain the SFWST Document Archive (SDA). The SDA is a

restrictedaccess SharePoint website that servesdasament repository for reports generated in:

1 NE 81, Office of SFWST
o Disposal Research (DR)
0 Storage and Transportation (S&T)
NE 82, Office of Integrated Waste Management (IWM)
SFWD Annual Meeting

The SDA contains copies of deliverable documents, botlassified unlimited release and unclassified
' imited release (ULR), and information about
eas

available draft from author, o etc.) and rel
release)o dhe archive is searchabl e anrPd bslaorctoab

archives are restricted as needed. The APubl i

and contractors.
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4. DISPOSAL RESEARCH R&D ROADMAP

The 2019 Dispsal Research R&D Roadmaéfpdatehighlightedprogress, priorities, and remaining gaps
in disposal research R&D activiti€Sevougian et al. 2019%ectiord.1 summarizes ongoing (and gap)
GDSA PA activities in the Roadmap Database, and Segtitidentifies the FY 2021 GDSA efforts
related to those PA activities.

4.1 Findings of the 2019 Roadmap Update for GDSA

Activities defined and tracked in the Roadmap Database are a collection of spspdiatiresearch
objectives focused on improving our knowledge of FEPs and how they affect repository performance.
These activities include:

1 Collecting and measuring the properties of features (e.g., radionudliiesWPpP, buffer, DRZ,
repository layouthost rock, etc.) and their associated uncertainties

1 Identifying and modeling important processes (e.qg., flow of heat and groundwéer,
degradationWWF degradation, radionuclide adsorption, buffer evolution, etc.) at small scale
and/or in repository simations

i Estimating the magnitudes, consequences, and probabilities of events that might affect repository
performance (e.q., criticality, disruptive events)

1 Developing tools and processes to propagate uncertainties in repository performance calculations
ard to enhance sensitivity analysis

A total of 17 activities were defined for GDSA PA in the 2019 Roadmap update eXSeigrigian et
al. 2019) They are listed ifTable4-1.
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Table4-1 GDSA PA activities in the Roadmap Database of the 2019 Disposal R&D Roadmap update

Activity *Gap MName

P-01 CSNF repasitory argillite reference case

P-02 CSNF repository crystalline reference case

P-03 CSNF repository bedded salt reference case

P-04 CSNF repasitary unsaturated zone [alluvium) reference
case

P-05 Disruptive events

P-06 (Pseuda) colloid-facilitated transport model

P-07 Intrinsic colloid model

P-08 = Other missing FEPs (processes) in PA-GDSA

P-09 Surfoce processes and features

P-10 Uncertainty and sensitivity analysis

P-11 ® Pitzer model

P-12 WP degradation model framework

P-13 = Full representation of chemical processes in PA

P-14 Generic capability development for PELOTRAN

P-15 ® Species and element properties

P-16 ® Solid solution model

P-17 = Multi-companent gas transport

4.2 Alignment of FY 2021 GDSA Efforts with 2019 Roadmap
Activities

As indicated in SectioB, there were many advances in GDSA PA capabilities in FY 2021. In addition to
those advances, there waanning for the near term and longerm, building of infrastructure, and
integration across SFWST Disposal Research RBis section examines how GDSA efforts in FY

2021 align with the GDSA PA activities identified in the 2019 Roadmap update and how several of the
FY 2021 GDSA efforts gbeyond the Roadmap activities to support developmeBDBA Framework

The PA activities in the Disposal R&D Roadmap Datab@ablé4-1) provide objectives for imprang

the simulation of physicadhemical/radiologicaprocesses in GDSA Framewoilkable4-2 lists the major
GDSA efforts in FY 202 and maps most of them to the PA activities in the Roadmap Database. This
mapping indicates that a large number of the PA activities in the Roadmag&mtabeived attention in
multiple FY 202 GDSA efforts. Those that received little or no attention in FY120@re colloids (P

06, R0O7), Pitzer modeling 1), species and elements propertiesl@, and solid solution modeling {P
16).

Not all FY 2020 GDSA efforts listed inTable4-2 were aimed at addressing GDSA PA activities in the
Roadmap Database. Several of them adva@i28A Frameworkn other ways. They includedvances
in workflow processes, code development infrastructure, HPC resources, and planning for future GDSA
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Framework development. Those advances directly facilitate the ability of the GDSA development team to
address the various GDSA PA objectives.

In addition to listing and mapping the various FY 202DSA efforts to specific GDSA PA activities in
the Roadmap Databaseable4-2 attempts to identify the major partiteat participated in the FY 2Q2
GDSA efforts. GDSA activities commonly require careful integration between SNL GDSA work
packages and other partidsble4-2 also maps the FY 20Z5DSA efforts to the Brear Plamearterm
GDSA thrusts(Sassani et al. 2020y he planned GDSA thrusts are discussed in Sebtion
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Table 4-2 FY 2021 GDSA activities mapped to GDSA Roadmap activities and¥ear Plan near-term
GDSA thrusts
Roadmap | Near-Term
FY 2021 Database PA| GDSA
FY 2021 GDSA Activities Participants Activity Thrusts
5-Yeardisposal R&D plarupdate(Section5.2) SNL - All
Agile/Jirasystemoperation (Sectio.1.1.) SNL - GO03
Biosphere modelingSection3.1.3.§ PNNL, SNL P-08, P-09 GO01, G04
Buffer and DRZevolution (Sectioa3.1.3.2and3.1.3.5 SNL P-01, P-14 GO01
DECOVALEX-2023 Task F: Performance assessment | SNL, LBNL, P-02, RO3, R | G02, G0O4
(Section3.2.9 LANL, 05, R12
International
dfnWorks integratiorfSections3.2.3.1 3.2.3.2 3.2.4.1 and | SNL, LANL P-02, R10, P | GO1, GO2
3.2.6.9 14
Direct DPC disposal modeling (Secti8ri.3.7 SNL, ORNL P-03, P-04, P | GO1, GO4
14
FEPs in salt repositories (Freeze et al. 2020) SNL, LBNL P-03, P-08 G04
Fuel matrix degradation (Secti@nl.3.3 SNL, ANL P-13, R14 G01
GDSA Calculation Archive (Sectia®2.7) SNL - GO03
Geologic Framework Model (Secti@2.5 SNL, LANL, INL | P-01, P-02,P- | G03, GO04,
04, RO9 GO05
Graphicalworkflow interface for GDSA Framework SNL - G02, GO3
simulations (Sectio3.2.])
HPC resourcestilization (Section3.1.1.3 SNL - G03
Multi-continuum transport development (Secth.3.9 SNL, LANL P-02, P-14 G01
Multifidelity uncertainty methods (Sectidh2.3.]) SNL P-02, R10 GO02
PFLOTRAN convergencésection3.1.2 SNL P-01, P-02, P- | GO1
03, P-04, P-17
Process model coupling requirements, guidelines SNL - G03
(Section3.1.3.9)
QA toolbox and test suite developmege¢tion3.1.1.9 SNL - G03
Repository reference case development (crystalline, argill SNL P-01, P-02, R | G0O2, G0O4
salt, unsaturated alluvium) (Sectidr2.g 03, P-04, P-10
Resaturation geomechanics modeling (Sec8c¢h6.]) SNL, LBNL P-14 GO01, Go4
Smectiteto-illite transition (Sectior8.1.3.6 SNL P-14 GO01
Thermal conductivitenhancementSection3.1.3.5 SNL P-14 GO01, Go4
Uncertainty and sensitivity analysis (UQ/SA) (Sectoa.3 | SNL P-02, R10 G02 G04
UQ/SA internationa(Section3.2.3 SNL, International| P-01, R02, R | G02 G04
10
Voronoi meshingand simulatior{Section3.2.2 SNL P-01, R0O2, R | GO1, G0O4
03, R04, R09
Waste package degradation (SecBah3.29 SNL P-12, R13 GO01
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5. FIVE-YEAR PLAN FOR DISPOSAL RESEARCH Ré&D

5.1 5-Year Plan

In FY 2020, DOE requested development ofyeér plan for high priority activities of the SFWST
Campaign Disposdkesearch (DR) R&D activities. As requesttiitplan was prepared and delivered to
DOE in July of 2020(Sassani et al. 2020n the plan, current angroposedactivitiesfor each DR R&D
technical areavereevaluaéd andcategorized in terms of netarm and longeterm thrustsin FY 2021,
thatplan,as discussed in Secti@n2, was updated.

Theoriginal FY 20205-year plan identifiedi¥e primary thrusts for the near termZlyears) for GDSA:

Advanced coupledrpcess simulation capabiliti€€01),
Stateof-the-art uncertainty and sensitivity analy$i302),

1
1
1 Traceable, usefriendly workflow for GDSA FrameworkG03),
1

Repository systems analysis for various disposal concepts and selected ho$s0dgkand

1 Devdopment of geologic models with interactive, wietsed visualizatio(G05).

Longerterm (35 years) thrusts the planincluded multi-fidelity modeling, inpackage chemistry, gas
flow in the EBS, cement seal evolution, new repository designs, and prepdoatsite applicationsin
additionalGDSA focus area identified in Section 3tbfat planaddressed Hdrift coupled chemistry
modeling and major chemical reactions with materials over appropriate temperature ranges.

5.2 5-Year Plan Update

The updatd 5-year plans documentedn Sassani et al. (2021t follows the original plan in structure
and general focus but is updated with perceptible changes due to accomplishments in FY 2021 and
evolving areas of interest.

The five primary thrusts for the near teftn2 years) for GDSAi.e., identified as G1 through G05
above)are generally unchangetheir updated descriptions are providedbatm in Appendix C The
changes include:

I GO01i Advanced simulation capalifi The LANL software dfnWorks was explicitgddedas a
capability to include in the development®DSA FrameworkDevelopment of advanced solvers
and physicdased convergence criteria was removed.

1 G021 Uncertainty and sensitivity analysiBvaluationof model form uncertainty was added.
Evaluation ofthe reliability of methods dependent on surrogate models through techniques such
as crossvalidation and development of quantitative metrics for assessing goodness of surrogates
was also added. Work towairtternational consensus on best practices was replaced with
continuation of a leadership role in international collaborations on the subject.

1 GO03i Workflow.Integration ofGDSA Frameworkvith the Online Waste Library OWlwas
added.

1 GO04i Repository systas analysisA near term priority for the development of salt and
crystalline reference cases was added due to involvement in Task F of DECOVZIZBX
Mention of the US/German joint FEPs project for salt was removed due to completion in FY
2021.



GDSA Framework Development and Process Model Integration FY2021
62 September 2021

i G051 Gedogic modelingNo changes.

The longetterm GDSA thrusts were unchanged from the original @action5.3 addresses howY
2021 GDSA activitieand Roadmap activities align with the néam thrusts.

5.3 Alignment of the Near -Term GDSA Thrusts with FY 2021 GDSA
Activities and GDSA Roadmap Activities

To evaluate the coverage of thearterm GDSA thrusts by FY 2021 GDSActivities the thrusts were
linked to FY 2021 GDSAuctivitiesin Table4-1. The thrust identifie(GO1 through GO5)vas linked to
FY 2021 GDSA activitiesin the last column ofable4-2 if the activity aligned with the thrust.

As indicated inTable4-2 each thrust was addresdedsome degree in FY 202To link the FY2021

GDSA infrastructure efforts to a thrust, a broader interpretation of the G03 Workflow thrust was used.
Certainly, it should be noted that while each of the thrusts garnered some attentioROa1FtYiere was

no attempt to quantify how much of the scope of each thrust was addressed08FY

To evaluate the linkages between the GDSA thrusts of-teab Plan and GDSA Roadmap activities,

each activity was evaluated for its ability to address a &ih8ust. As shown i\ppendix D each near

term thrust was found to have at least one GDSA Roadmap activity linked to it, and each GDSA
Roadmap activity was linket at least one GDSA thrust. Several GDSA thrusts, especially those
involving the development of new modeling capability, were linked to a large number of GDSA Roadmap
activities.

At this stage of the-¥ear Plan, it is unclear how much the mapping ofre$f Roadmap activities, and
thrusts (e.g.Appendix D can help guide planning and production efforts in the years ahead. However,
this type of mapping does providdairly organized way to better understand how each thrust and
Roadmap activity is being addressed.
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6. CONCLUSIONS

This report describes FY 2021 advances of the Geologic Disposal Safety Assessment (GDSA)
performance assessment (PA) development groupe &RMWVST Campaign. The common mission of

these groups is to develop a geologic disposal system modeling capability for nuclear waste that can be
used to assess probabilistically the performance of generic disposal options and generic sites. The
developingcapability, called GDSA Framework, employs hipérformance computing capable codes
PFLOTRAN and Dakota

The advances in PA modeling capabilities allow for emulation of fuel matrix degradation processes at
each waste package in a repository simulationylsition of changes to buffer and disturbed rock zone
properties over time, improvesimulation of heat flow due to new temperature dependencies included in
the calculation of thermal conductivity, improved PFLOTRAN convergence for multiphase systems and
dry out, and more detailed assessment of total system performance. New methods allow for quantitative
bulk characterization of flow and transport in regions affected by discrete fracture networks and for
simulating the interaction of fracture and matrix @sses. New modeling approaches include advanced
meshing capabilities, a new plan for simulating buffer erosion and waste package corrosion, and
development of a comprehensive biosphere model. Progress in simulation workflow, quality assurance
(QA) workflow, process model coupling workflow, and other forms of supporting infrastructure is
expected to greatly facilitate future model development-ugerdliness, and user adoption

An important responsibility of the GDSA team is to integrate with dispos& B&ivities across the
SFWST Campaign to ensure that R&D activities supporpéntsof the genericsafety cases being
developed. IFY 2021 the GDSA teancontinued to participateith other scientists and engineers at
LANL, LBNL, PNNL, ORNL, INL, ANL, DOE, and SNL in the development of new higmperature
modelcapabilities needefbr possible direct disposaf duatpurpose canisterdfnWorks, Geologic
FrameworkModels, FMD model integration, DECOVALE>2023 Task F performance assessment, and
advanced biosphenmodelng.

Each yearGDSA Frameworkmproves as additional modelers and programmers from around the world
use, apply, and contribute to its development. GBF&ineworkcan be shareldecause the primary

codes, PFLOTRAN and Dakota, are opeurce, available for free download, and have supporting
documentation online. Outreach and collaborations support a primary objective of the GDSA work
package by facilitating testing of, and feedback on, PFLOTRANGDSA Frameworland by

increasing theikelihood outside users will contribute directly to code development in the future.

The ability to simulate increasingly complex repository reference cases continues to affirm that HPC
capable codes can be used to simulate important-physics couplingslirectly in a total system safety
assessment demonstration. Refereraserepository applications show that PFLOTRAN and its coupled
codes can simulate complex coupled processes in akilatneter domain while simultaneously
simulating submeterscalecoupled behavior in the vicinity of each modeled waste package. Continued
development will further enhance the preparedness of GDSA Framework for application in the future
when transitioning to a program with potential sites
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Appendix A. FUEL MATRIX DEGRADATION MODELING IN
FORTRAN

APPENK KUEL MATRI X DEGRADATI
MODELI NG I N FORTRAN

INTRODUCTION

The Fuel Matrix Degradation (FMD) model is a reactive/transport model that implements electrochemical
reactions to predict the dissolution of spent uranium oxide nuclear fuel. It is designed to provide the
radionuclide source term for performance assessoueles (e.g., PFLOTRANEurrogate models for the

FMD process model provide significant improvements in speed for high throughput modeling of various
reference cases. These models are trained on data produced by the FMD process model; bootstrapping the
surogate models to the data on which they were trained. If the underlying process model is updated, due
to new experimental data, the surrogate models necessarily have to be retrained. The current
implementation of the FMD process model is slow, has coewergissues, and produces discontinuities

in outputted fluxes. Therefore, improving the efficiency and reliability of the FMD process model is
crucial.Efforts this year focused on understanding the control parameters within the models,
implementation of m adaptive timestep routine, and studying the interplay between the various reactions
included within the modeHerein we will describe current and-going efforts to identify computational
bottlenecks in the FMD process model and the refactoring praedsef overview of the model will be
providedincluding the list of the tracked species, the reactions included at the fuel and steel interfaces,
and the bulk aqueous reactions. The main bottleneck in the code will be identified and a new algorithm
will be proposed. Lastly, the-ttevelopment implementation of the model in Fortran and current results

will be discussed.

FMD PROCESS MODEL

We will provide a brief summary of the key features of the FMD model, however the model has been
described in much gresx detail in several references (Jerden, et al., 2012; Jerden, et al., 2018) The FMD
model seeks to predict the degradation rate of dihg a Mixed Potential Model approach, originally
based on the Canadian Mixed Potential Model of Shoesmith, KindK@ad (Shoesmith, et al., 2003.
conceptual image of the overall reaction scheme is showigir-1.
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The Mixed Potential Approach works on t@ssumptions: (18lectrochemical reactions can be broken
into partial oxidation/reduction reactions, andr@)net accumulation of charge is observed (Wagner and
Traud, 1938)The Etdimensional physical model is broken into 3 regionsfuy&) surface, (2solution or
aqueous chemistry, and @gel surface. The main oxidizing agent@g), which promotes fuel

dissolution, is generated via an analytical expression for a PNNL radiolysis model (Buck, et al., 2013).
All diffusion and reaction rate constancorporate an Arrhenius temperature dependence.

The fuel and steel interfacial regions are critically important and are wheregtdectrochemical

reactions are obsexd. Hydrogen generation and oxidation reactions occur at these interfaces and work to
slow the fuel dissolution rate. The-soal | ed fAhydrogen effectd has been
experimental and modeling efforts (Broczkowski, et al., 2005; Trummed@msson, 2010; Jerden et al.,

2015). Because hydrogen has been shown to reduce the rate of spent fuel dissolution, a simple approach
would be to ignore the effect and provide a conservative estimate for the radionuclide source term in
performance assessnieHowever, this may not be realistic for certain repository environments.

Reactions at the fuel surface canchéalyzed by noble metal partictgpically referred to as théphase.
This phenomenon has been observed in electrochemical experimeristieed that dissolved,H
lowered the spent fuel corrosion potential (i.eersBhe voltage at which the anodic and cathodic reaction
rates are identical) more in samples that containephase (Broczkowski et al., 2005; Shoesmith,
2008)

In addition to the electrochemical reactions, solution chemistry is included which accounts for typical
reactions observed involving aqueous ions (e.d:, Be/ ). A list of the solution chemistry reactions
and their rate constants included in the modelshiown inTab.A-1.5 / can also precipitate at the fuel
surface in the form of schoepite and metaschoepite. This solid phase protects the fuel surface from
oxidantsand reductants by slowing the diffusion rate according to aimggetted porosity parameter.
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Fig. A-1 Schematic depicting the physical model described by the FMD model. Three regions are
included: fuel surface, bulk solution, and steel surface. Electrochemical reactions are observed
in the fuel and steel regions, where noble metal particles (R can catlyze these reactions at
the fuel surface. Fuel F) dissolves, via chemical dissolution or oxidation, to forrg F which
diffuses to the breached steel surface and becomes the radionuclide source tegmk  can also
reprecipitate in the form of shoepite, forming a porous barrier and slowing diffusion to the fuel
surface.

The bulk solution reactions depictedHig. A-lare implemented by discretizing the t&ys in space and

time and solving the partial differential equations using a nonlinear solver. In the Mixed Potential Model
approach, the electrochemical reactions at the fuel and steel surface are implemented by calculating the
mass loss according to tharrent density as described by Faradays Law.

Q06 QR 0w
Qo £ 0 (A-1)

where’Q s the corrosion current density,c0  is the molecular weight of the fuel,is the number

of transferred electrons,aifdi s Faradayds constant . A current dens
and is shown iTab.A-2. A particular challenge exists where the current densities depend on both the
concentrations and the corrosion potential for a particular sui@ace O ). In the current

implementation these unknowns are solved sequentially; first solving for the corrosion potential with a

given concentration, and then solving for the new concentration given the calculated corrosion potential.
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As mentioned abové].0- is the primary oxidant included in the FMD model. This species is produced
via alpha radiolysis. Radiolysis is incorporated into the FMD model via a straightforward analytical
function which describes the production afdd as a function of space and tirfiguck, et al., 2013). It is
given by

¢ o OO o O OR z O¢ i'Yao & 2 Qb A-2)

where"Qw is a geometrical factor that alters the diffusiormqfieous species through the tortuosity of
precipitated U@
Tab. A-1 Bulk solution/agueous chemistry reactions included in the FMD model. For each reactionis

the reaction rate constant and dT is a temperature factor given b J|| 1 =| where T is
the current temperature and R is the gas constant.
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Reaction Rate Law Rate Constant
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Tab. A-2 Electrochemical reactions and parameters included in the FMD model wherés the current
density for a given reaction k is the half reaction rate constantg is the charge transfer
coefficient, [ is the standard potential, and dT isa temperature factor given by™ J||
1 mwhere T is the current temperature andR is the gas constant. There are 3 surfase
(fuel, fuel/NMP, and steel) and each surface has a corrosion potentigl.. , which must be
determined at each timestep.
. . E
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Surface Reactions Equation k a (I\E/)
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FMD IMPLEMENTATION

Currently the mostegularlyupdated and used implementation of the FMD model is a MATLAB version.
While a stanehlone Fortran version exists (Jerden, et al., 2015)aitriagnslatiorof the MATLAB

version into a new programming language. The MATLAB implementation exists as amgiam and

several subroutines and functions that make use of multipleibMIATLAB functionalities. A flow

chart for the MATLAB version of the FMD model is depicted-ig. A-2. A main program (AMP_main)
launches the simulation and drives the loop over time points. A function (AMP_solve’) is called at each
time point which runs the standard Newton Raphson {R)inear solveto update theoncentrations.

For each NR iteration the Jacobian and Residual are calculated in three stages using AMP_reactFuel,
AMP_reactCani, AMP_reactBulk which calculates the components to each at the fuel surface, canister
surface, and bl reaction regions. However, the concentration of several components are dependent upon
the corrosion potential, therefore for each new concentration solve the corrosion potential at both surfaces
must be solved using a separate NR process.

The number ofR iterations needed to solve for the new concentrations at each time point, from a
representative FMD simulation using the MATLAB implementatishown inFig. A-3. In general,

5-10NR iterations are needed each time poinNow we show thatdr eachof these iterations the

number of iterations needed to solve for the corrosion potentials at the fuel and steel skitade-ih

Note that the number of iterations needed solve for the corrosion potentials is often the same, we therefore
color each point ifrig. A-4 to indicate the number of identical iterations was needed at each timdtpoint.

is clear from this analysis that significant computing time is spent sequentially iterating over dependent
processes (new concentrations and corrosion potentialct, a timing test was performed and
observedhat ~30% of the computational time is spent solving for the corrosion potewls

hypothesize that we can couple the NR solves for the new conicenairad corrosion potentialsSimilar

to the evolution of reactiveransport modeling from sequential reaction and transport iterations to the
global implicit approach where a fullyoupled nonlinear system of equations for both reaction and
transport aréncluded in the Jacobian, we believe that a significant speed up will be observed by reducing
the overall number of iterations needed.
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NR to solve
AMP_main — AMP_solve S — solve for —
1 Conc,.,,
AMP_error
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NR to solve
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NR to solve
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Fig. A-2 Flow chart for the FMD model implemented in MATLAB. AMP_main starts the simulation and
iterates over time. AMP_solve runs the standard Newton Raphson (NR) iteration to solve for the
new concentrations. Within each NR iteration, the corrosion potential at the fuel surface
(AMP_reactFuel) and canister surfa@ (AMP_reactCani) are solved iteratively using a separate
NR process

Fig. A-3 The number of Newton Raphson (NR) iterations needed at each time point throughout the
simulation to solve for thenew concentrations.


































































































































































