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SUMMARY

This work is being performed as part of the DOE NE Used Fuel Disposition (UFD) Campaign
Engineered Barrier Systems (EBS) Evaluations project work package: FT-12AN080601. This
document was prepared to meet milestone M3FT-12AN0806013. The overall objective of this
work is to develop a predictive model for the degradation of used uranium oxide fuel based on
fundamental electrochemical and thermodynamic principles that can be used to provide a source
term for radionuclide release in disposal system performance assessments.  This involves
quantifying the contributions of all processes affecting the corrosion potential at the used fuel
surface, including processes that have not been taken into account in other electrochemical
models for used fuel degradation, such as the role surface phases catalyzing redox reactions. The
approach is to extend an existing model that is based on the electrochemical mixed potential
theory to include the role of (H;) as a reducing agent, the effects of redox reactions that are
catalyzed by noble metal particles (NMPs), interactions with engineering materials, the evolving
geometry of the corroding fuel grains, and other factors to represent the disposal environments
being evaluated by DOE. Work in FY 2012 was focused on implementing the Canadian-mixed
potential model (Canadian-MPM) for UO, fuel dissolution (King and Kolar, 1999, King and
Kolar, 2003, Shoesmith et al., 2003) using MATLAB scripts. This provided a working model
that was used to demonstrate the efficacy of our approach and provide initial guidance to the
experimental work, The initial version of the MATLAB implementation of mixed potential
model, referred to as the ANL-MPM Version 1, was produced as a base model and verified by
reproducing published results from the Canadian-MPM reports. The model is being rewritten
and extended to include the additional reactions and processes affecting fuel dissolution that are
listed above.

The specific objectives for this project that have been achieved this year (FY-2012) and are
discussed in this report are as follows:

e Implementation, using our own scripts/code, of an established and well documented used
fuel degradation model (Canadian-mixed potential model) that is based on mixed
potential theory.

e Verification of our scripting and coding by reproducing published results from the
Canadian model.

e Performance of sensitivity analyses to determine which model parameters and input
variables have the strongest impact on the calculated used fuel degradation rate.

e Completion of a critical review of the sources of all model parameters and input variables
to determine which values need further investigation through literature review or
experimental studies. This review also identified which variables must be provided by
other process models.

e Extension of the base-case model to quantitatively include reactions involving dissolved
hydrogen that may protect used fuel from oxidative dissolution by lowering the
electrochemical potential at the fuel surface.

e Development of a plan to extend the base-case model to account for the catalytic effects
of fission product alloy phases (noble metal particles) on reactions affecting UO,
dissolution, such as the kinetic balance of H, oxidation and H,O; reduction reactions.
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The ANIL-MPM Version 1 is a 1-dimensional reaction-diffusion model that accounts for the
following processes:

Interfacial redox reaction kinetics (oxidative dissolution of UO, matrix).

Chemical or solubility based dissolution of the fuel matrix.

Complexation of uranium at the fuel surface and in the bulk solution by carbonate.

The production of hydrogen peroxide (the dominant fuel oxidant in anoxic repository

environments) by alpha-radiolysis.

e Diffusion of reactants and products in the groundwater away from and towards the
reacting fuel surface.

e The precipitation and dissolution of a U(VI) corrosion product layer on the fuel surface.

e Adsorption of uranium onto iron oxides.

e All interfacial and bulk reactions have a built in Arrhenius-type temperature dependence.

Version 1 has been completed and will be used as a baseline check for future versions. An initial
working beta version of the ANL-MPM Version 2 is being written as an extension of ANL-
MPM Version 1 to include the following processes and conditions:

e Quantify the oxidation of dissolved H, at the used fuel/solution interface: H,
concentration to be supplied by other EBS model or user specified).

e Represent the NMPs as a separate domain at the used fuel/solution interface. The "size"
of the NMP domain (relative to the fuel) is specified by the user in terms of a surface
coverage and is electrically linked with the UO, matrix by a user adjustable resistance
term. This will allow the effects of NMP corrosion and the sorption of catalytic poisons
on the efficiency of the redox reactions to be taken into account.

e Quantify the bulk decomposition of hydrogen peroxide (with temperature dependence).

e Provide option for user to specify temperature and dose profiles of the fuel (profiles can
be constant single values or functions).

e Include rapid diffusion option to facilitate the calculation of concentrations of species
with diffusion coefficients sufficiently large that steady state is reached within days. This
decreases the computer time needed for model convergence and makes for more efficient
evaluations of long-term behavior.

Version 2 will be further developed in FY 2013 to add additional capabilities, such as calculation
of the evolving surface area as the matrix particles corrode, groundwater penetrates grain
boundaries, and alteration phases precipitate. An important aspect of the work planned for FY
2013 is integration of the experimental results into the model. This will include refinements of
the kinetic parameters used to model key redox reactions and UO; dissolution over a range of
solution compositions and the effects of NMP corrosion. Because the ANL-MPM is based on
fundamental principles, it is flexible enough to be applied to a range of chemical environments.
In this report, we identify the model parameters that are sensitive to the environment and must be
determined to apply the ANL-MPM to the full range of repository scenarios being considered as
part of the UFD campaign (i.e., those in granite, basalt, clay/shale, salt, and rhyolite
environments). On-going experimental work described in Jerden et al., 2012 and Ebert et al.,
2012 is focused on providing key model parameter values that are needed to improve the
predictive accuracy and capabilities of the ANL-MPM.
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Electrochemical Model for Used Fuel Matrix
Degradation Rate

1.  INTRODUCTION AND BACKGROUND

This work was performed as part of the DOE NE Used Fuel Disposition (UFD) Campaign’s
Engineered Barrier Systems (EBS) Evaluations, work package: FT-12AN080601.  This
document represents the August 9, 2012 milestone report: M3FT-12AN0806013.

1.1. Obijectives and Scope

The overall objective of this work is to develop a predictive model for the degradation of used
uranium oxide fuel that is based on fundamental electrochemical and thermodynamic principles.
It is anticipated that this process model will provide the fractional degradation rate of used fuel
and the radionuclide source terms as direct inputs to the UFD Generic Performance Assessment
Model (GPAM) that is currently being implemented to evaluate high-level waste disposal
systems (e.g., Geoff Freeze, 2012, Advanced Implementation of the UFD Generic Performance
Assessment Model, presentation at Used Fuel Disposition Working Group Meeting, May 16,
2012, Las Vegas, NV).

Our approach is to tailor the Mixed Potential Model (MPM) for UO, matrix dissolution that was
developed as part of the Canadian repository program (Canadian-MPM) for application to US
disposal systems and to extend the model to include process that affect the fuel dissolution rate
that were not included in the original Canadian model. The most important processes that are
being incorporated into the ANL mixed potential model (ANL-MPM) are: (1) the role of
hydrogen oxidation at the used fuel interface and (2) the catalysis of oxidation/reduction
reactions (hydrogen oxidation, hydrogen peroxide, oxygen reduction) by noble metal bearing
particles (NMP) on the fuel surface (also referred to as the epsilon phase or the fission product
alloy phase), and (3) the effects of long-term corrosion on poisons on the catalytic efficiency of
the NMPs. Other additions being made are options to accelerate diffusion processes to facilitate
modeling long-term behavior, evolution of the fuel surface area during grain boundary and
matrix dissolution, and specification of the NMP surface area.

Our modeling approach was divided into two stages: (1) implementation of the Canadian-MPM
in the programming language MATLAB with only minor changes to the original model. The
scripts resulting from this work are referred to as the ANL-MPM Version 1. (2) Extension and
optimization of the MPM implemented in MATLAB. This model, which is still under
development, is referred to as the ANL-MPM Version 2. The Version 2 of the ANL-MPM
quantifies the effects of dissolved hydrogen and the catalytic properties of NMP on fuel matrix
dissolution. It has been optimized from a computing standpoint by using a rapid diffusion
approach which significantly decreases the time it takes for the model to converge on a unique
solution and facilitates calculations of long-term behavior.

Sensitivity studies of the ANL-MPM Version 1 have been used to identify key model parameters
for which values must be determined from literature data, measured experimentally, or calculated
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with submodels, such as the concentrations of radiolytic products, for application to conditions
other than those used in the Canadian model. The focus of our model sensitivity studies and
linked experimental work is on demonstrating and improving the applicability of the ANL-MPM
to the full range of generic repository concepts being considered as part of the UFD campaign.

The on-going experimental program is designed to support model development (i.e., measure the
key electrochemical and reaction kinetic parameters identified in the model sensitivity studies)
and is summarized below and described in more detail in Jerden et al., 2012. Results from the
first sets of ANL electrochemical experiments are presented in Ebert et al., 2012 (in preparation).

1.2. Used Fuel Microstructure and Radionuclide Distribution

The chemical state and distribution of fission product elements in irradiated used fuels have been
studied using thermodynamic calculations and experimental measurements (Dehaudt 2001). In
used fuels the oxygen potential is less than approximately -400 kJ/mol (Dehaudt 2001). Under
these very low oxygen potential conditions uranium in the used fuel matrix is present mostly in
the U(IV) oxidation state. Likewise, the other radionuclides in the fuel matrix are in low or zero
valent states (Kleykamp 1985). The noble transition metal fission products are present in
metallic (zero valent) form and accumulate along with a fraction of the molybdenum and
technetium inventories within grain boundaries and fractures as they exsolve from the fuel
matrix grains during burnup (Kleykamp 1985). The fact that the fuel matrix elements and
radionuclides are present in the fuel in lower valence (and less soluble) states is important
because degradation and mobilization will be a slow process unless both the fuel matrix and the
associated radionuclides become oxidized under the disposal conditions. The combined
processes of oxidation and dissolution of the oxide is referred to as oxidative dissolution. 7The
electrochemical model that was implemented as part of the present study (ANL-MPM) accounts
for the rate of oxidative dissolution of the used fuel matrix and thus can be used to predict an
overall radionuclide release rate.

As the fuel is burned in the reactor, most fission product and neutron capture elements are
retained within the fluorite lattice structure of the fuel matrix. However, because some of the
fission product elements are not soluble in the UO, matrix, a fraction of the inventory of these
elements migrates out of the fuel grains under normal reactor operating conditions and
accumulates at the grain boundaries (Pelletier 2001). The extent of migration of these fission
products out of the fuel grains and the subsequent accumulation at the grain boundaries and in
gap regions of the fuel depends on the diffusion coefficients of the individual fission product
elements in the used fuel matrix and the available mechanisms for migration. The distribution of

radionuclides in a used fuel rod strongly depends on the thermal history and burnup conditions of
the fuel (Pelletier 2001).

Like the fission gasses, some of the fission product cesium and iodine diffuses out of the fuel
grains and is found at the grain boundaries and in the gap region between the fuel pellets and the
cladding (Dehaudt 2001). After irradiation, part of the fission product molybdenum, ruthenium,
technetium, rhodium, and palladium inventory is found in the form of metallic alloy particles
located within the fuel grains and at grain boundaries. In this report, these fission product alloy
phases are referred to as the Noble Metal bearing Particles (NMP); the are also referred to as
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epsilon phase particles in the general literature. The accumulation of NMP is more evident in the
higher-powered regions of the fuel, such as the pellet rim regions (Barner 1985; Guenther et al.
1988). The extent to which the metallic fission products, cesium, and iodine migrate depends on
the fuel burnup, operating temperatures, and temperature gradients, as determined by the fuel’s
linear power history in the reactor (Guenther et al. 1988). Figures 1 shows the key
microstructural regions of UO; used fuel that influence degradation and radionuclide release.
Used fuel matrix (UO, grains: gray)
NMP at grain boundaries (white)

LN o

Epoxy
Cladding
(white) Fuel
matrix
White dots: NMP FP depOSit at
fuel/clad gap (gray)
Zircaloy-4 cladding — 50um —

Figure 1. Optical micrographs of a polished used fuel cross-section showing the distinct
microstructural regions that influence degradation and radionuclide release (Tsai 2003). This
sample was cut from an H. B. Robinson PWR Rod with a burnup of 67 GWd/MTU.

1.3. Fuel Matrix Degradation Process

On the basis of the above discussion, the inventory of each radionuclide can be subdivided into
four fractions:

The gap inventory

The grain boundary inventory

The matrix inventory

The noble metal particle inventory

and the release of radionuclides from each fraction modeled separately. Radionuclides in the gap
inventory are immediately made available for transport once a waste package and fuel rod
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cladding have been breached (e.g., Shoesmith, 2000). Degradation of the fuel matrix is the first
step leading to mobilization of the matrix, grain boundary, and noble metal particle inventory
fractions. The principal degradation process when used fuel is contacted by an in-package
solution 1is either oxidative or chemical dissolution. The rate of dissolution of multivalent
elements such as uranium and plutonium (of which the used fuel matrix is composed) depends
on their oxidation state and hence the electrochemical potential at the dissolving surface.
Oxidative dissolution of the fuel leads to rapid degradation and radionuclide release relative to
chemical dissolution. For example, the experimental results from Rollin et al., 2001, show that
the rate of UO, fuel matrix dissolution is nearly three orders of magnitude higher for oxidative
dissolution than for chemical dissolution (Figure 2). Chemical dissolution of used fuel is orders
of magnitude slower that oxidative dissolution (Figure 2) because the rate is determined by the
solubility of UO, and PuO, (which are refractory ceramics) and diffusion of dissolved uranium
and plutonium away from the surface (a process that is slowed by low dissolved concentrations).
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Figure 2. Experimental results from Réllin et al., 2001 showing that the dissolution rate of
the UO, matrix of used fuel decreases by nearly three orders of magnitude when chemical
dissolution vs. oxidative dissolution is the dominant degradation process.

Which mode controls the degradation of used fuel, chemical or oxidative dissolution, is
determined by the electrochemical potential at the used fuel/solution interface. This potential is
determined by the state of the exposed used fuel and the chemistry of the solution contacting it.
The degradation rate model implemented as part of the present study accounts for both chemical
and oxidative dissolution. The key processes involved in chemical and oxidative dissolution of
used fuel are summarized in Figure 3 which is adapted from Shoesmith, 2007.

The chemical dissolution rate is independent of the electrochemical potential, but depends on the
temperature, solution pH, and solution concentrations of complexants and dissolved uranium.
The chemical dissolution rate can be calculated using a reaction affinity expression and added to
the oxidative dissolution rate calculated with ANL-MPM.
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Figure 3. Schematic diagram identifying key surface processes involved in the degradation
of used fuel (adapted from Shoesmith, 2007).

Under sufficiently low electrochemical potential conditions, the fuel matrix will not be oxidized
upon solution contact and both the fuel dissolution rate and the radionuclide solubilities are low.
Under more oxidizing electrochemical conditions, fuel components at the surface can be
oxidized to higher oxidation states that are more soluble and dissolve faster. For a given set of
physical and chemical conditions, one can define an electrochemical threshold above which
oxidative dissolution processes dominate (Figure 3). This refers to the potential at the used fuel
surface,

Because the uranium and plutonium atoms in the uranium oxide (UOX) and mixed oxide (MOX)
fuels are initially in the (IV) valence state, the electrochemical steps in the used fuel degradation
mechanism involve atoms (ions) in the fuel matrix giving up electrons and dissolving into the
solution, with the electrons migrating to locations where they are consumed by reduction
reactions of oxidizing agents. These oxidizing agents are species that are reduced to “complete
the circuit” and maintain electrical neutrality in the system. Relevant reduction reactions
include:

O0,+2H,0+4¢ —>20H" 1)

H,0, + 2~ — 20H" o
3U02 —> [JO%Jr + 6e” (3)
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The reactants and reaction products have to be transported (e.g., by diffusion or advection) to and
from the locations where the oxidation/reduction reactions can occur and, depending on the local
micro-chemical environment at the surface of the corroding metal, the oxidized species and the
reduced oxidizing agents may undergo hydrolysis, participate in complexation and
precipitation/co-precipitation reactions, and/or dissolve into the bulk solution. The
electrochemical model implemented as part of the work described in this report accounts for
these processes.

Although the radiolysis of groundwater will produce oxidizing agents near the fuel surface that
may drive oxidative dissolution even in relatively reducing repository settings, recent results
indicate that hydrogen produced by corrosion of the waste package materials (and radiolysis)
may be very effective in scavenging the radiolytic oxidizing agents and thereby inhibiting or
preventing the oxidation of the fuel (Shoesmith 2007; Poinssot et al. 2004; Nagra 2005). The
effect of H, to lower the UO, corrosion potential (Ecorr) below the threshold potential for
oxidative dissolution is shown schematically in Figure 3. The limited understanding of this
process has limited the credit that is being taken for this effect in current calculations of the
performance of spent fuel in geological repositories. Providing a technical basis to support
taking credit for this effect is expected to show spent UOX and MOX fuels to be very durable
indeed in anoxic repository settings (e.g. Poinssot et al. 2004). The electrochemical model being
implemented as part of the work discussed in this report (ANL-MPM Version 2) quantifies the
effects of dissolved hydrogen. Current and future work focus on providing a scientific basis and
modeling capability for taking credit for the oxidant scavenging effect of hydrogen within the
generic repository environments of interest (e.g., granite, basalt, clay/shale, rhyolite, salt).
Experimental work is in progress to determine if hydrogen plays an important and long-term role
in decreasing the rate of used fuel degradation.

The practical effectiveness of dissolved hydrogen in scavenging radiolytic oxidizing agents has
been employed by General Electric Company in their patented NobleChem™ process which is
based on injection of hydrogen together with noble metals to scavenge radiolytic oxidizing
species in Boiling Water Reactors and thereby reduce the corrosion potential and mitigate stress
corrosion cracking issues (Hettiarachchi 2005). Several mechanisms have been proposed to
explain the inhibiting effects of hydrogen on the rate of corrosion of UOX and MOX but
additional studies are needed to better understand the effect before it can be taken into account in
long-term assessments of repository performance (Muzeau et al. 2009).

Figure 3 illustrates the dependence of the UO, fuel degradation mechanism on the
electrochemical potential at pH 9.5, which represents the carbonate-buffered environment
modeled in a Canadian disposal system (adapted from Shoesmith 2007). The range identified as
MPM in Figure 3 indicates the range of surface potentials predicted by Shoesmith et al. (2003)
to occur due to alpha radiolysis in granitic groundwaters. In this example, UO, fuel dissolves
rapidly by a two-step oxidative dissolution mechanism controlled by the kinetics of oxidation of
U(IV) to U(VI) at potentials more positive than -0.16 V. Uranium oxidation does not occur at
potentials more negative than -0.16 V under these conditions, so fuel degradation is controlled by
the very slow chemical dissolution of the U(IV)-dominated surface at more negative potentials.
Whether the electrochemical potential at the surface is greater or less than -0.16 V determines
which mechanism is operative under these conditions.
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The surface potential is affected by the kinetics of all oxidation and reduction reactions occurring
at the fuel surface and the actual threshold value depends on the composition of the fuel and the
composition of the groundwater. The competing kinetics of all of the oxidation (anodic) and
reduction (cathodic) reactions at the used fuel surface generate a steady state surface potential
during the oxidative dissolution process. This potential is referred to as the corrosion potential of
the system (Ecorr), which is -0.16 V in the example in Figure 3. The actual surface potential at
which the mechanism for fuel corrosion changes from (slow) chemical dissolution to (rapid)
oxidative dissolution depends on many factors (e.g., pH, T, aqueous speciation, fuel
composition) and will differ for each disposal environment. A major goal for our work is to
develop a used fuel degradation rate model that quantifies the contributions of all processes to
determine the corrosion potential at the used fuel surface for environments of interest. This
includes processes that have not been taken into account in other electrochemical models for
used fuel degradation, such as the role of (H;) as a reducing agent and the role surface phases
catalyzing redox reactions (e.g., NMP). In addition, the impact of corrosion (of both the fuel and
NMPs) and poisons on the catalytic efficiency and long-term degradation behavior is being
evaluated.

1.4. Modeling Approach: Implementation of a Mixed Potential Model
for Matrix Degradation

To account for the key oxidation/reduction and chemical processes that determine the rate of
used fuel degradation a model based on mixed potential theory was implemented. Mixed
potential theory is based on two fundamental principles: (1) any electrochemical reaction can be
divided into partial oxidation and reduction reactions, and (2) there is no net accumulation of
electric charge during the electrochemical reaction (Wagner and Traud, 1938). The first
statement has been demonstrated experimentally and the second statement is based on the law of
conservation of charge (Bockris and Reddy, 1977). Mixed potential theory has been used to
quantify and predict the rate of corrosion of electrical conductors or semi-conductors (e.g., UO)
by relating the potentials and currents from a number distinct oxidation and reduction reactions
occurring simultaneously (e.g., Shoesmith et al., 2003).

The primary advantage of using mixed potential theory as a basis for used fuel degradation
modeling is that it captures the fundamental electrochemistry and thermodynamics of the
chemical phenomena of interest. Since it is based on fundamentals, such a model is applicable to
a wide range of environmental conditions. By using the appropriate parameter values and input
variables, the MPM for fuel degradation can be extended to all of the repository concepts being
studied as part of the Used Fuel Disposition Campaign.

The mixed potential model that we chose to base our used fuel degradation model on was
developed as part of the Canadian nuclear waste disposal research and development program
(King and Kolar, 1999, King and Kolar, 2003, Shoesmith et al., 2003). The Canadian model was
chosen because it is capable of capturing the fundamental electrochemistry and thermodynamics
of the used fuel dissolution process and is versatile enough for application to the full range of
repository environments of interest and it can be easily linked to other process models and higher
level performance assessment models. The Canadian model is also well-documented and has a
well-developed supporting parameter data base. The model described in the above references is
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referred to here as the Canadian Mixed Potential Model (Canadian-MPM). Our approach was to
first implement the existing Canadian-MPM in our own format using the programming language
MATLAB. The language MATLAB was chosen because its modular environment and well-
tested equation solvers facilitate the rapid implementation of relatively complex kinetic models.
After implementing the MATLAB version of the Canadian-MPM and verifying its accuracy
(verification discussed below), we began extending our version (referred to as ANL-MPM) to
include additional key redox reactions and processes such as the reduction of hydrogen and the
role of NMP as redox reaction catalysts. Our MATLAB implementation of the Canadian-MPM
is referred to as ANL-MPM Version 1 and the extended form of the model (i.e., the version that
accounts for H, and NMP reactions), which is the focus of on-going work, is referred to as ANL-
MPM Version 2.

1.5. Canadian Mixed Potential Model (Canadian-MPM)

The Canadian-MPM was developed to predict the corrosion behavior of used fuel inside a failed
steel container under anticipated conditions in a granitic repository setting (Shoesmith et al.
2003). This system identifies the solution chemistry, including important solution species that
interact with the fuel surface and concentration ranges, the key redox reactions, complexants,
potential secondary phases, etc. The approach to modeling the system involves first calculating
the electrochemical potential dependences for oxidative dissolution of the UO, matrix (anode)
and the oxidant reduction (cathodic) half reactions, and then coupling the anodic and cathodic
half reactions using the charge conservation constraint (Shoesmith et al. 2003). The Canadian-
MPM also accounts for important homogeneous reactions and mass transport processes
(diffusion) that are coupled to the heterogeneous reactions occurring at the surface of the
corroding UQO, fuel (Shoesmith et al. 2003).

The physical system being modeled in the Canadian scenario is shown schematically in Figure 4.
The diagram on the left of Figure 4 is the initial configuration and the diagram on the right shows
the configuration after oxidative corrosion of both the UO, fuel and steel canister surface. The
used fuel cladding is not accounted for in this model (a conservative assumption). Corrosion of
the fuel and the steel result in the formation of porous corrosion layers on each surface that serve
as transport barriers which effectively decrease the reactive surface area of the corroding
materials. A mathematical description of the model is presented in below.
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Porous Porous
U0;:2H,0 layer Fe,0, layer

Steel Groundwater Steel
Groundwater - with radiolytic 4
with radiolytic canister species and canister
species corrosion
products

Groundwater «e——— Breac Groundwater «e——— Breac

= s e
Initial condition following failure of System during oxidative degradation of
steel canister fuel due to alpha-radiolysis

Figure 4. Simplified representation of breached canister system used in Shoesmith et al.
(2003) MPM for the oxidative degradation of UO, fuel due to alpha radiolysis of water.

The Canadian-MPM is a one dimensional reaction-diffusion model that accounts for both
heterogeneous (surface) reactions and homogeneous (aqueous bulk) reactions through a series of
mass and charge balance equations. The assumptions on which this model is based are
(Shoesmith et al., 2003):

e 1-D model geometry with non-uniform spatial distribution with emphasis on surface
reactions at used fuel and steel (Fe) interfaces.
Uniform dissolution of fuel surface (no localized effects, e.g., grain boundary etching).
Mass transport by diffusion only.
System is saturated with groundwater, the supply of groundwater is not limiting.
Used fuel cladding is excluded from system.
U(VDO52H,0 and Fe304 corrosion layers are treated as equivalent porous media with
spatially and temporally constant porosity and tortuosity.
U(VDO32H,0 corrosion layer is assumed to be electrically insulating with
electrochemical reactions restricted to areas at base of pores.
U(VD)03°2H,0 corrosion layer attenuates alpha dose rate to solution at the fuel surface.
U(VI)O3*2H,0 corrosion layer may contain alpha-emitting radionuclides (user input).
Fe;04 is assumed to be the stable corrosion product of carbon steel.
pH is constant (buffered) throughout system.

The reaction scheme for the Canadian-MPM is shown in Figure 5. The processes accounted for
in the model include heterogeneous reactions on the fuel and steel surfaces and homogeneous
reactions within the groundwater. Although many more reactions occur, these have been
identified as the key reactions in the Canadian disposal system modeled by Shoesmith et al.
2003.
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Figure 5. Reaction scheme used in the Shoesmith et al. (2003) (Canadian-MPM) for the
oxidative degradation of UO, fuel due to alpha radiolysis of water (key half-reactions listed
below). Aqueous species are shown in blue, dotted lines represent diffusive fluxes. The “k”
labels represent rate expressions for the individual half-reactions. Reactions labeled with letters
are for heterogeneous (surface) processes and those labeled with numbers describe homogeneous
processes. Anodic reactions are noted with yellow or orange arrows and the cathodic reactions
are shown in blue arrows. “ads” stands for adsorbed.

Groundwaters in a granitic repository scenario, such as the Canadian concept modeled by the
MPM, will be basic (pH around 9.5), carbonate bearing, anoxic solutions (Shoesmith et al.,
2003). Therefore, over the time scales of interest (hundreds to tens of thousands of years), the
dominant oxidant will be hydrogen peroxide produced by water radiolysis. In the Canadian-
MPM, the dissolved concentration of O, is defined by the modeler and the dissolved
concentration of H,O, is determined by a radiolysis sub-routine included in the MPM (described
below).

1.6. Interface with Generic Performance Assessment Models

The ANL-MPM will provide the fractional matrix degradation rates of used fuel for a specific set
of environmental/in-package conditions. These specific environmental conditions will define
what ANL-MPM parameter sct is used for the used fuel dissolution rate calculation. A library of
appropriate parameter sets is the focus of on-going and future experimental work and
thermodynamic reaction path modeling (Jerden et al., 2012, Ebert et al., 2012).
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The used fuel dissolution rate is calculated on a per surface area basis using the ANL-MPM,
where the evolution of the reactive surface area with time is determined by a separate model
(e.g., see example discussed in above). The combination of the used fuel dissolution rate from
the ANL-MPM and the surface area model is used to determine the overall fractional matrix
degradation rate. Source terms for radionuclides are calculated as the product of the fractional
degradation rate and radionuclide inventory. Fractional release rates are calculated as the
product of the degradation rate and specific surface area.

The used fuel matrix degradation rate and/or the radionuclide source term model results can be
treated as direct inputs into the Generic Performance Assessment Model (GPAM). The resulting
radionuclide release rates will have a strong scientific basis as they are ultimately based on the
fundamental electrochemical and thermodynamic principles underlying the ANL-MPM.

The evolving links for communicating needed inputs/outputs between the ANL-MPM, other
EBS process models and the GPAM are discussed in Sassani et al., 2012.
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2. ANL IMPLEMENTATION OF THE CANADIAN MIXED POTENTIAL
MODEL: ANL-MPM VERSION 1

Based on the work of King and Kolar, 1999, King and Kolar, 2003, Shoesmith et al., 2003 a
working version of the Canadian-MPM was implemented by ANL researchers in MATLAB.
This model, referred to as the ANL-MPM Version 1, serves as our base-case used fuel matrix
degradation model.

As shown in Figures 4 and 5, the Canadian-MPM models the corrosion of both a UO, fuel
surface and a carbon steel container surface. In the implementation of the ANL-MPM Version 1
we have focused on corrosion of the UO, fuel surface, since the purpose of our model is to
predict the degradation rate of the used fuel matrix. The ANL-MPM Version 1 does have the
built-in capability of modeling steel corrosion; however it is envisioned that canister failure and
corrosion will be dealt with in a separate process model within the UFD campaign that will be
linked with the ANL-MPM. Therefore, the following discussion of the ANL-MPM deals only
with the corrosion of the used fuel surface. For more information on how the steel canister
surface is modeled in the Canadian-MPM see King and Kolar, 1999, King and Kolar, 2003,
Shoesmith et al., 2003.

2.1. Parameter Database for ANL-MPM Version 1

The core of the ANL-MPM is the parameter database (Tables 1 — 5). Application of the ANL-
MPM to disposal scenarios other than granite (base-case scenario for ANL-MPM Version 1)
requires optimizing and revising the parameter database to best represent the conditions of
interest. The source of parameter values and input variables for the ANL-MPM Version 1 are
identified in Tables 1 — 5. This database is currently being optimized using values from recent
literature as well as an on-going thermodynamic modeling experimental program involving
electrochemical tests that are specifically focused on providing parameter values for the ANL-
MPM Version 2 (Jerden et al., 2012, Ebert et al, 2012).

Unless otherwise noted, the parameters listed in Tables 1 - 5 come directly from King and Kolar,
1999, King and Kolar, 2003 (and references therein). Some of the parameter values used in the
Canadian-MPM of King and Kolar, 1999 are essentially “place holders” that are based on
reasonable assumptions. For example, an activation energy of 6.0x10* J/mole is being used for
all heterogeneous redox reactions (Table 1) until the temperature dependencies of the individual
reactions can be fully quantified by experiment or extracted from existing literature. The initial
use of this particular activation energy is justified by the observation that many chemical
processes of the type being modeled in the ANL-MPM have measured activation energies
around 6.0x10* J/mole (e.g., Table 6). Thermodynamic calculations and experimental
measurements are being performed to determine if more accurate activation energy values are
required based on the sensitivity of the fuel dissolution rate to the temperature. Another
important focus of on-going research is identifying and developing links between various process
models. For the ANL-MPM, the key links that need to made (model inputs and outputs) are
identified in the concentration column (C;) of Table 3. This column identifies links to other UFD
process models that are being or will be developed as part of the FY-2013 research and
development activities (IPC: in-package-chemistry model).
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Table 4. Part of the ANL-MPM parameter database: physical parameters used in electrochemical
and mass balance equations (Eq.1 — Eq.25).

Parameter Symbol Value Units
Porosity of UO;:2H,0 layer € 0.45 cm’/em’
Porosity of bulk solution' € | cm’/em’
Faraday constant F 96487 C/mol
Gas constant R 8314 J/K mol
Absolute temperature plff;; lte K
Dry density of UO;:2H,0 layer o) 4.98 g/em’
Dry density of solution layer' P2 1 g/em’
Tortuosity factor of UO;:2H,0 layer T1 0.1 o
Tortuosity factor: bulk solution' Ty 1 e
Reaction order dependence of dissolution rate of

UO3:2H,0 on [COs] p 0
Reaction order for the dependence of the rate of

anodic dissolution of UO, on [COs] m Gt o
Function for dissolution of porous corrosion layer: 5 Function L

approximated by finite width profile

L. The porosity, density and tortuosity of the bulk solution are specified in the ANL-MPM facilitate
the incorporation of porous media into future version of the model (e.g., a porous mass of in-package
corrosion products in place of the bulk aqueous solution phase used in the current model).
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Table 5. Part of the ANL-MPM parameter database: parameters and variables used in the
radiolysis sub-model (see Figures 7 and section 2.4. for discussion).

Parameter Symbol Value Units
G-value for the primary a-radiolysis yield Ginos 1 02E-10 mol/Gy cm’
of H202

Tlme.-dependent o-ration dose rate to the Ru(0) Calculated L
solution

Spatial- and time dependent alpha-

radiation dose rate Ro(x.) ClPuige o
Ratio of dose rate from U(VI) corrosion R 0-1 L
layer to dose rate from fuel .

Geometrical factor describing a-radiation ) Reut L
field (see Note below) & P

o-particle penetration depth in water Olpen 35 pm
Scaling factor for dose rate Recate 1 —
Note:

g(x)=1if 0 <x <opgy and x, =0,

2i(x) = 1+2Rgm if 0 < x < min(xa, Open),

gi(x) = 2R if Olppn < X <Xy,

gdX) = e+Rgm (1-€) if 0 <xp <x < Opn,

gi(X) = R (1-€) if max(xa, ctpen) < X < Xp+T0pEN,
gi(x) = 0 if x > xa+oupen,
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Table. 6. Typical range of activation energy (AH) values for
selected chemical processes (Langmuir, 1997, page 62).

Reaction or Process T{lf jf::.lo?)H
Physical adsorption 8-25
Aqueous diffusion <21
Mineral dissolution or precipitation 33 -151
Mineral dissolution via surface reaction 42-84
Ion exchange > 84
Isotopic exchange in solution 75 - 201
Solid-state diffusion in minerals at low T 84 - 502

The ANL-MPM Version 1 is based on a set of ordinary differential equations in which
concentrations are the state variables. Given initial concentrations of key species (Table 3) at the
used fuel surface, a corrosion potential is calculated such that the total current flow at that
surface is zero (this is the fundamental axiom of mixed potential theory). The overall rates for
all surface reactions are then calculated at that corrosion potential. The rates of the surface
reactions control the flux of chemical species from the surface into solution. Species flux from
the fuel surface is used to update the concentrations in the solution at the fuel surface. The cycle
of calculations is repeated for the desired length of time.

User input, feeds

Calculate New
from other models

Concentrations

Initial Calculate Corrosion Calculate

Concentrations Potential [E¢gel Component Fluxes

Calculate Surface
Reaction Rates

Figure 6. Simplified algorithm for the evolution of the used fuel corrosion potential and
interfacial reaction rates with time as calculated by the ANL-MPM Version 1: see Table 3 for
congcentration input sources.
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Implementation of the ANL-MPM is summarized as follows:

e The time derivatives of the species identified in Table 1 were calculated explicitly to
reduce the model to a system of ordinary differential equations.

e Several well tested, built-in mathematical tools available in MATLAB were used to
facilitate rapid model implementation.

e Modeling systems of partial differential equations like the MPM requires discretization in
order to calculate approximate derivative values. The spatial dimension, which is the
distance between the used fuel and the steel surface (Figure 5), was divided into multiple
cells (the current model uses 250 cells). The cell spacing is logarithmic with finer
spacing at the fuel and steel interfaces (Figure 7).

e Placeholder values for physical constants that are not explicitly documented in the
Canadian-MPM (e.g., reaction rates and diffusivities) were used to implement the model.
The relevant physical constants will be updated based on analyses of literature data and
from on-going electrochemical experiments.

e The temperature and radioactive dose profiles are functions of time that are supplied
explicitly as an argument to the MPM and are not a result of the calculations (King and
Kolar, 1999, King and Kolar, 2003 and references therein).

uo, A Soluti Steel
queous Solution S WP

Xo<—>X, Individual grid points

Figure 7. Schematic representation of mixed potential model grid spacing between the used
fuel and steel surface boundaries (not all spacings are shown). Spacing is logarithmic with
finer intervals at the two interfaces. The current implementation of the ANL-MPM Version
1 contains 250 grid points with a minimum grid spacing of 1 micrometers and a maximum
spacing of 1000 micrometers.
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The steel waste package is shown to define the spacing and mass transport calculations. The
reactions for corrosion of the steel have been implemented into the ANL-MPM Version 1, but
the rates are currently set to zero to match available results for the Canadian MPM. It is
anticipated that steel corrosion will be modeled separately from fuel degradation in another UFD
process model.

The non-electrochemical (chemical) dissolution of the UO, matrix (Reaction 10, UO, + 2H,0 —
U(OH)4(aq), Table 2) is assigned a rate constant of 1x10™"7 mole/cm’second (King and Kolar, 1999) and
its solubility is modeled using saturation concentration of approximately 1x10" moles/L (King and Kolar,
1999). Due to this low saturation concentration and corresponding slow dissolution rate, the chemical
dissolution of the fuel matrix does not represent a significant degradation mechanism in the current
model.

2.2. Governing Equations and Fundamental Electrochemical
Relationships Used in Mixed Potential Model Implementation

To provide the background needed to fully understand how the ANL-MPM works and thus
provide a context for the model results a summary of the governing equations is presented below.
Another reason for presenting the equations underlying the ANL-MPM is to show how the
parameters described in Tables 1 - 5 are related to each other and thus highlight the parameter
values that need to be first priority targets of the on-going experimental program.

In the MPM, the rate of mass loss from the used fuel (a quantification of degradation) is directly
related to the corrosion current density by Faradays Law (Equation 1). The corrosion current
density is defined as the sum of the current densities of the anodic fuel oxidation reactions
(Reactions A and B in Table 1, Equation 2 below).

Fuel « Fuel Fuel
ML™ i MW

time nF

(Eq.T)

-F 1 . .
e i (Eq.2)

where ML™/time is the total mass loss rate (grams/m°days) due to oxidative and chemical
dissolution, i’ is the corrosion current density (amp/m?), MW™ is the molecular weight
(grams/mole), n is the number of electrons transferred, F is the Faraday constant C/mole). The

corrosion current density is related to the used fuel corrosion potential by the Tafel Equation
(Equation3).

RT 1
D L n CORR Eq.3
R a, F | nFe(SA)k, e

where El%. is the corrosion potential (Volts), Ej is the standard potential for Reaction A (see

Table 1), a, is the electrical charge transfer coefficient (related to Tafel slope for reaction of
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mterest) ¢ is the porosity of the U(VI) corrosion layer covering the used fuel surface (m’
void/m® corrosion phase), (SA) is the reactive surface area of the fuel (m?), kx is the rate constant
for Reaction A (see Table 1), and R, T, F, n are the ideal gas constant, absolute temperature,
Faradayconstant and the number of electrons transferred respectively. As implied in Figure 5,
the used fuel corrosion potential is also a function (Ep) of the concentrations of species involved
in the oxidative dissolution of uranium (see Table 1 for reactions).

Ego.=E,([CO71,[0,1,[H,0,1[H, 1) (Eq.4)

The relationships between reaction currents (directly proportional to reaction rates), rate
constants, standard potentials and the corrosion potential for individual half-cell reactions at the
used fuel surface (Table 1, Figure 5) are derived from the Tafel equations and quantified as
follows:

i,=nFek, exp[ A_(ER . -E )} (Eq.5)
i =nFek,[CO? T exp| %2 -E? Eq.6
l~nre Bl: 3] exp RT | CORR B) (Eq.6)
“nFek [H,0, Jexp| 2 (ERe., -E? Eq.7
l=0ke c[ 2 Z]exp RT( corr "Ec) (Eq.7)
i =nFek “OpF CRe o Ea.8
-lpTnre D[HzOz]exp RT Ecore “Ep) (Eq.8)
: -a.F
-i;=nFek [0, |exp| —E—(Efunz -E%)} : (Eq.9)
RT
i, =nFek, [H, ]exp[ (E?C‘;LR-ED} (Eq.10)

where E[. is the corrosion potential (Volts), EY, is the standard potential for Reaction A (see
Table 1), a,is the electrical charge transfer coefficient (related to Tafel slope for reaction of

1nterest) g is the porosity of the U(VI) corrosion layer covermg the used fuel surface (m’
void/m® corrosion phase), S is the reactive surface area of the fuel (m?), ka is the rate constant for
Reaction A (see Table 1), and R, T, F, n are the ideal gas constant, absolute temperature,
Faraday's constant and the number of electrons transferred respectively. Note that the equations
are written with positive currents for anodic reactions and negative currents for cathodic
reactions.

It follows from Equations Eq.1 - Eq.3 that the corrosion current densities for each half cell
reaction can also be calculated based on the fluxes of key redox species (Table 3):
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oC .- (0,1)

Y " (Eq.13)

oC .. (0,t)

i, =-nFreD . —U(Z‘x— (Eq.14)

o oC,,,(0,1)

i, =-nFreD, v (Eq.15)

where 1r and € are the tortuosity and porosity of the U(VI) corrosion layer, D is the diffusion
coefficient and C is the molar concentration, x is the distance from the used fuel surface (Figure
7) and (0,t) refers to the partial derivative of concentration at x = 0 and time = t.

The fundamental axiom on which kinetic mixed potential theory models (such as the ANL-
MPM) is thus quantified by the Equation 16 (see Reactions A - L in Figure 5 and Table 1):

iy +ig+i, —i.—i,—i,=0 (Eq.16)

The temperature dependence of the used fuel degradation rate is captured in the ANL-MPM
using Arrhenius relationships for rate constants (Equationl7), saturation concentrations (Eq.18)
and diffusion coefficients (Eq.19). A linear temperature dependency is used for standard
electrochemical potentials (Eq.20).

AH (1 1
k.=k.(T)exp| —+| —-— Eq.17
=k (1)) p{R(TrTH (Eq.17)
AH® (1 1
Csat:C_sat T ex 1 . E 18
i l(r)p{R[TrTﬂ (Eq.18)
AH, (1 1
D.=D.(T ex Dl — Eq.19
) .(r)p{R(TrTﬂ (Eq.19)

E?=EX(T,+AEX(T-T,) (Eq.20)
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where k is a rate constant, T, is the reference temperature used in determining the activation
energy (AH) and temperature dependence of the standard potential for a given half-cell reaction
(AEY), R is the ideal gas constant, C** is the molar concentration at which a given corrosion
phase precipitates (UO3:2H,0 for corrosion of fuel surface), and D; is the diffusion coefficient
for component i.

A 1-D reaction-diffusion (mass-balance) equation is written or each specws tracked in the MPM
(see Table 3 for list of species). For example, the concentrations of U0,*" and H,0; are tracked
using the following equations:

oC 5 oC

voi _ voz -
© ot B 0 (TfSDUO? ) ]_Skgcuog* (CU(VI)ads CU(VI)ads)p+
i ) (Eq.21)
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where Gipop is the primary o-radiolysis yield of H,O, (mol/Gy cm?®), Rp is the spatial and time-
dependent a—radiation dose rate, ¢ is the porosity of the U(VI) corrosion layer covering the used



Electrochemical Rate Model for Used Fuel Matrix Degradation
August, 2012 24

fuel surface (m® void/m® corrosion phase), p is the dry density of fuel and steel corrosion layers
(g/cm3 ), T¢ 18 the tortuosity factor for corrosion layers

Similar expressions can be written for other species. One objective of the ANL experimental
activity is to identify those species having a significant effect that should be tracked in the
model. Most importantly, the mixed potential model of Shoesmith et al. (2003) does not account
for the experimentally observed catalysis of Hy(aq) oxidation on the noble metal particles in used
oxide fuel and does not track reactions involving Hy(aq). Extending the ANL-MPM Version 1 to
include the effects of reactions involving Hy(aq) was the first modifications in the development
of ANL-MPM Version 2.

The spatial and time dependent alpha dose rate (Rp) is a function of the parameters described in
Table 5. The radiolysis model used to calculate the H,O, source term for the ANL-MPM is
discussed in detail in Section 2.5 below. The general equation used to calculate the alpha-dose
rate within 10 — 50 micrometers of the used fuel surface and corrosion layer is:

RD (X’t) = RscaleRaq (t)gf (X) (Eq.26)

where Ry is the average dose rate received by an aqueous solution in immediate contact with the
used fuel, Ry is an arbitrary scaling factor useful for sensitivity calculations and gfx) is a
geometry factor, which has the following dependence on the distance from the used fuel surface
and the presence or absence (xa # 0) of the U(VI) corrosion product layer of porosity € and
thickness (x5) (for discussion see Section 2.5 below and Appendix B of King and Kolar, 1999).

2.3. Radiolysis Model Included in the ANL-MPM Version 1

The spatial and temporal dependence of the alpha dose rate shown in Equation 26 is of
fundamental significance within the ANL-MPM because, at low concentrations of dissolved
oxygen, the only oxidant within the system is the hydrogen peroxide produced by alpha
radiolysis. Therefore the rate of matrix degradation in anoxic environments is directly
proportional to the alpha dose rate.

Calculating the alpha dose rate (and thus H,O, concentration) for corroding UQO, fuel is
complicated by the effects of U(VI) corrosion products (modeled as schoepite, UO3:2H,0 in
ANL-MPM Version 1). A U(VI) corrosion product layer has three effects on the rate of UO,
degradation:

e Corrosion layer can slow the rate of oxidative dissolution by decreasing the reactive
surface area of the fuel.

e Corrosion layer can slow the rate of oxidative dissolution by slowing the rate of diffusion
of oxidants (e.g., HO») to the fuel surface: U(VI) layer is a tortuous porous mass of
crystals.

e Corrosion layer can increase the rate of oxidative dissolution if alpha-emitting
radionuclides (e.g., actinides) are incorporated into the U(VI) corrosion crystals or
occluded within the mass of corrosion products.
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All three of these effects are modeled in the ANL-MPM Version 1 by a radiolysis sub-routine
that was included within the original Canadian-MPM. Because of dependence of the used fuel
dissolution rate on the alpha dose rate the radiolysis sub-routine is described in some detail.

In the ANL-MPM Version 1 alpha-particles are assumed to have a constant energy of 5.3MeV
and a solution penetration distance (apgy) of approximately 35 um. The modeler can set the
penetration distance over the range of appny = 45um for ~6.0MeV alpha-particles down to open =
10um for ~2.3 MeV particles (King and Kolar, 1999). The quantity of hydrogen peroxide
produced by alpha-radiolysis per unit of absorbed dose (Gi202) in both models is assumed to be
1.021E-10 mol/Gy cm® (Christensen and Sunder 1998).

Fuel corrosion by oxidative dissolution may result in a layer of corrosion products (secondary
phases) on the fuel surface, which will affect the rate of continuing degradation. The spatial
dependence of the alpha-dose rate and the effects of the corrosion layer on the effective dose rate
are taken into account through the factor gfx) (King and Kolar, 1999). Three cases are
considered: (a) no U(VI) corrosion layer, (b) a corrosion layer thickness (xa) less than the
penetration distance of alpha-particles in solution, and (c) a corrosion layer thickness greater than
the alpha-particle penetration distance (i.e., xo > open). These are illustrated schematically in
Figure 8. For the ANL-MPM Version 1, the precipitated U(VI) corrosion phase (UO32H0) is
modeled as a porous mass containing a series of parallel pores, having a bulk porosity € and an
effective pore cross-sectional surface area of €(GA), where (GA) is the geometrical surface area
of the used fuel (King and Betteridge 1998). Future versions of ANL-MPM will account for
other uranium oxide fuel corrosion products such as mixed oxides (UO,+x), uranyl peroxides,
uranyl silicates and others depending on groundwater/in-package solution chemistry.

In the case of no U(VI) corrosion layer, the solution adjacent to the fuel is irradiated uniformly to
a distance equal to opey (Figure 8, top diagram).. The dose rate for this scenario is labeled Raq(t).
The middle and bottom diagrams of Figure 8 indicate that the presence of an alpha-bearing
corrosion product layer leads to the irradiation of a larger volume of solution relative to the no
corrosion scenario. If the corrosion layer does not contain alpha-emitting radionuclides then the
porous layer acts as a diffusion barrier, slowing the transport of species to and away from the
fuel surface.

The pore diameters within the UO32H,0 corrosion layer are <5 mm (King and Betteridge,
1998). When alpha-emitters are present in the corrosion layer, the solution within the pores is
assumed to be uniformly irradiated and the pores are sufficiently widely spaced so that the pore
solution is not irradiated by alpha-particles emitted from adjacent pores. The ratio of the dose
rates from the U(VI) corrosion layer and the used fuel surface is assumed to be constant and is an
input parameter in the ANL-MPM (Rgy,). Thus, the effective dose rate within the pores of the
corrosion layer is given by eRaq(X,t)(1+2R fiim).

In a case where the corrosion layer contains alpha-emitting radionuclides and has a thickness of
xa < apeN, three regions are considered:
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Region 1 include the solution within the cylindrical pores of the U(VI) corrosion layer which is
irradiated by the fuel and the U(VI) phase (Region 1, middle diagram of Figure 8).

Region 2 (middle diagram, Figure 8) is between the surface of the U(VI) corrosion layer and the
penetration distance of the alpha-particles, i.e., XA < X <opgn. The solution in this region is
irradiated by the exposed used fuel at the base of the pores [effective surface area €(GA)] and by
the surface of the U(VI) corrosion layer [effective surface area (1-e)(GA)]. The effective dose
rate per unit area in this region, therefore, is (Raq(X,t)(1- €)Rfiim.

Region 3 (middle diagram, Figure 8) is between the distance apen and (xa+ open). This region of
the solution is irradiated by alph-particles emitted from the surface of the U(VI) corrosion layer
that has a surface area of (1-€)(GA). The effective dose rate per unit area in this region is

Raq(xat)(l'S)Rﬁlm-

When the U(VI) corrosion layer thickness is greater than opgy, three irradiation regions are
considered (Figure 8, bottom diagram). Within a distance of opgn, the pore solution is irradiated
by both the exposed used fuel surface and by the lower portion of the alpha emitting U(VI)
corrosion phase (Region 1, bottom diagram, Figure 8). The effective dose rate in this region per
unit geometrical area is €Ryq(X,t)(142Rfim). For regions beyond open (i.€., appny < X < Xa), the
pore solution is irradiated only by the pore walls (Region 2, bottom diagram, Figure 8). The
effective dose rate per unit geometrical surface area is 2eRqq(X,t)R im.

The region of bulk solution within xs < x < (xa+ opeN) is irradiated by the surface of the porous
U(VI) corrosion layer of cross-sectional area (GA)(1-e) (Figure 8, bottom diagram, Region 3).
The effective dose rate in this region per unit geometrical surface area is Raq(x,t)(1-€)Rfiim.
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Figure 8. Schematic drawing of the alpha-radiation regions within the ANL-MPM Version
1. See Table 5 and section 2.3. for discussion.
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In order to quantify how dose rate influences the fuel dissolution rate, model runs using ANL-
MPM Version 1 were performed for a range of absorbed dose, at a constant temperature of 30°C
(Figure 9). The plots in Figure 9 are for example calculations made using the parameters shown
in Tables 1 - 5 (unless otherwise stated). The top two plots show how the corrosion potential and
dissolution rate of the fuel increase with increasing dose rate. For these model runs the staring
concentrations of carbonate and dissolved oxygen were 1x10™ molar and 1x10® molar
respectively. The Canadian-MPM assumed a dose profile that varied from approximately 0.02
Gy/s to around 0.002 Gy/s over ten thousand years; however, depending on burn-up and the age
of the fuel the dose rate may be considerably higher (King and Kolar, 1999).

The top two plots in Figure 9 indicate that at dose rates lower than 0.01 Gy/s the dissolution rate
of the fuel is less than 1 mg/m°day; however, both the corrosion potential and corresponding
dissolution rate increase rapidly with increasing dose. For these model calculations the oxidative
dissolution of the fuel is driven by the hydrogen peroxide concentration, which is directly
proportional to the dose rate (bottom diagrams of Figure 9) (see Eq.26 and Table 5 for
relationship between [H,0,] and dose rate). The lower left plot in Figure 9 shows concentration
profiles of hydrogen peroxide for three different dose rates as well as how the presence of a
corrosion layer (UQO3*2H,0) can affect the concentration profile. The three dose rates 1, 0.1 and
0.01 Gy/s result in hydrogen peroxide concentrations of approximately 7x107, 5x10® and
2.5x10” moles/L respectively at the fuel surface.

A non-alpha-emitting porous corrosion layer on the fuel surface acts as a diffusion barrier
resulting in a steep hydrogen peroxide concentration gradient from the alpha-penetration depth
(35 um) to the fuel surface (Figure 9, lower right plot). The scenario for the blue concentration
profile shown in the bottom two diagrams of Figure 9 is analogous to the bottom plot shown in
Figure 8 (assuming no incorporation of alpha-emitting radionuclides in the corrosion phase).

The assumption that the U(VI) corrosion phase does not incorporate alpha-emitters is a
reasonable if the corrosion layer consists of schoepite (UO3-2H,0) (e.g., Friese et al., 2006);
however, other types of U(VI) cotrosion products such as sodium metaschoepite and uranyl
silicates will likely incorporate actinides such as neptunium and plutonium (e.g., Friese et al.,
2006). The ANL-MPM is capable of modeling both scenarios (i.e., cases where corrosion layer
emits alpha-particles and cases where it does not).

The bottom right diagram in Figure 9 shows that, when the non-alpha-emitting corrosion layer is
considerably thicker than the alpha-penetration distance (35 pm for Figure 9), the hydrogen
peroxide concentration at the fuel surface is higher than if no corrosion layer was present. This
is because the diffusion of hydrogen peroxide away from the fuel surface is slowed by the
presence of tortuous pores that are characteristic of the U(VI) corrosion layer (Table 4).
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Figure 9. ANL-MPM Version 1 example calculations showing how dose rate and the presence
of a U(VI) alteration layer affects the concentration of radiolytic H,O, and the associated fuel
corrosion potential and matrix dissolution rate. For these model runs the staring concentrations of
carbonate and dissolved oxygen were 1x10° molar and 1x10"® molar respectively and the
temperature was a constant 30°C.

2.4. Verification of ANL-MPM Version 1 and Sensitivity Studies of
Selected Parameters

To confirm that the scripts written in MATLAB for the ANL-MPM Version 1 accurately
reproduce the Canadian-MPM documented in King and Kolar, 1999, King and Kolar, 2003,
Shoesmith et al., 2003, the ANL-MPM Version 1 was run using the same parameters and input
variables that were used to produce Figures 5, 7, 10 and 12 in the Canadian-MPM verification
and validation study of King and Kolar, 2002 (see Tables 1 - 5 above for parameters and input
variables used).

The comparison of model results from the ANL-MPM Version 1 scripts and those of the
Canadian-MPM are shown in Figures 10 - 13. Unless otherwise stated the experimental data
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shown in Figures 10 - 13 are from electrochemical tests performed a pH ~ 9 and ~1.0E-4 molar
total carbonate (King and Kolar, 2002).

The comparisons show that, within plotting errors, the ANL-MPM Version 1 reproduces the
Canadian-MPM results accurately. Figures 10 — 13 also show examples of some sensitivity
studies done with the ANL-MPM Version 1 to identify dominant parameters and input variables.
Results from the parameter/variable sensitivity studies are being used to prioritize the on-going
electrochemical experimental studies and thermodynamic modeling (Jerden et al., 2012).

In Figure 10, the black curve shows the results of the Canadian MPM and the red dotted curve
shows the results from the ANL-MPM Version 1. The curves are identical. The blue curve is
from the ANL-MPM Version 1 sensitivity analyses showing how the dissolution rate of UO; is
affected by the presence of carbonate and the brown curve shows the effect of increasing the
temperature. Increasing the carbonate concentration and temperature both significantly increase
the predicted dissolution rate.

In Figure 11, the black curves show results of the Canadian-MPM. The top black curve is the
dissolution rate calculated using the uranyl and uranyl carbonate species, while the lower black
line is calculated using uranyl carbonate only. The dashed blue and red curves show the
corresponding results of the ANL-MPM Version 1, which are identical. The solid light blue line
(calculated using ANL-MPM Version 1) shows that decreasing the temperature by 25°C causes a
decrease in the used fuel dissolution rate that ranges from a factor 2x at relatively low carbonate
concentrations (1x10™* molar) to a factor of around 1.2x for relatively high carbonate
concentrations (1.0 molar).

The black line in Figure 12 shows how the corrosion potential of the UO, fuel surface varies
with increasing hydrogen peroxide concentration as calculated by the Canadian-MPM. The
colored lines were calculated using the ANL-MPM. Again the main point in Figure 12 is that for
the same conditions, the ANL-MPM Version 1 accurately reproduces results from the Canadian-
MPM (compare black line to red dotted line).

Results from ANL-MPM Version 1 sensitivity runs shown in Figure 12 indicate that the
calculated used fuel corrosion potential is sensitive to the hydrogen peroxide concentration for
values less than 1x102 molar. Hydrogen peroxide concentrations greater than 1x107 molar are
not expected in either Canadian or US used fuel disposal systems (King and Kolar, 2002);
however, for the sake of comparing the mixed potential model predictions to experimental
results, calculations were run for concentration values as high as 0.1 molar (Figure 12). The
comparison shows that when the hydrogen peroxide concentration is above 1x10? molar, the
corrosion potential of the fuel reaches a maximum value of around 0.32 volts (SHE). The
experimental Ecorr values that exceed the MPM predicted Ecorgr at [H2Os] > 1x10? molar are
interpreted to be caused by localized acidification within pores at the fuel surface (King and
Kolar, 2002). This type of localized acidification process, which is known to occur under highly
oxidizing conditions (Shoesmith, 2000), is not accounted for in the current version of the ANL-
MPM Version 1 but may be readily added in future versions of the model if needed.
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Figure 13 shows how the ratio of the rates of Reactions C/(A+B) (see Table 1; rates quantified as
reaction current densities) varies with increasing hydrogen peroxide concentration. The increase
in the oxidation of H,O, (Reaction C) normalized to the overall fuel dissolution rate (Reactions
A and B) increases in a nearly linear fashion with the steady state concentration of H,O,. This
demonstrates that not all of the radiolytic H,O, goes to oxidizing the used fuel, rather, some
fraction of the H,O, produced decomposes to produce O, at the fuel surface (H,O, — O, + 2H"
+ 2¢). When the current density ratio of the hydrogen peroxide oxidation reaction (C) to the
uranium oxidation reaction (A+B) exceeds approximately 2, the slope of the curve increases.
This increase, which corresponds to the establishment of the Ecorr plateau shown in Figure 11,
is due to fact that, at this point, most of the total anodic current density is due to H,O, oxidation
rather than U(IV) oxidation. The dominance of the H,O, oxidation reaction increases with
increasing hydrogen peroxide concentration.  As expected, increasing the carbonate
concentration decreases the ratio of the rates of Reactions C/(A+B), as increasing [COs]
increases the rate of Reaction B (the carbonate-aided oxidative dissolution of UQOy).
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with results from the Canadian-MPM (black lines) and experimental results from King and
Kolar (2002).
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2.5. Example Calculation of Used Fuel Matrix Degradation Rate
Using the ANL-MPM

The fractional dissolution of the used fuel is calculated based on a dissolution rate provided from
the ANL-MPM Version 1 along with an assumed geometry for the fuel matrix. This approach
allows flexibility in that the matrix dissolution rate calculation is independent of the fuel
assembly and waste package geometry; therefore, a single matrix degradation rate profile may be
applied to a number of candidate disposal scenario geometries at low computational cost.

Figure 14 shows an example UO, matrix dissolution rate profile that was calculated using the
ANL-MPM Version 1 for a 5000 year interval following initial exposure of the UO, fuel to a
groundwater/in-package solution consisting of 1x107 molar dissolved oxygen and 1x10 molar
carbonate. The temperature and fuel dose profiles for this example (Figure 15) are assumed to
be identical to that of the Canadian repository scenario (King and Kolar, 1999). This assumption
was made because the ANL-MPM Version 1 is based on the Canadian-MPM; therefore,
reproducing the results from the Canadian studies represents further verification that the ANL-
MPM Version 1 accurately reproduces the experimentally validated Canadian code of King and
Kolar, 1999, 2002; Shoesmith, 2003.

The matrix dissolution rate (oxidative dissolution of UO,) in our example is dominated by the
rate of reduction of hydrogen peroxide at the UO, surface which is strongly temperature
dependent. In this model all of the hydrogen peroxide present is produced through alpha-
radiolysis (see Section 2.3 above for discussion of how H,0O, production is modeled).

9.0
8.0
7.0
6.0
5.0
4.0
3.0

2.0

1.0

Used Fuel Dissolution Rate (mg/m2days)

0.0 5 i1 |r||n: i1 lIIlII; il ll!lll: Al |1“H:
0.1 1.0 10.0 100.0 1,000.0 10,000.0
Time (years)

Figure 14. Dissolution rate of uranium dioxide in mg per day per square meter of exposed
fuel calculated using the ANL-MPM Version 1 for one millimolar dissolved carbonate
(constant) and initial dissolved oxygen concentration of 1x10°® molar. The temperature and
dose profiles used for this calculation are shown in Figure 15.
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The peak in the predicted used fuel dissolution rate between 1 and 10 years (Figure 14)
corresponds to the peak in dose absorbed by the solution within 40 or so micrometers of the used
fuel surface and correspondingly to the peak fuel surface temperature (Figure 15). This initial
duration (0-100 yr) contributes disproportionately to the total dissolution per area over the 5000
year interval.
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Figure 15. Time depéndence of alpha-dose rate in water layer adjacent to used fuel (top) and
fuel surface temperature (bottom) used in the example dissolution rate calculation shown in
Figure 14. The dose and temperature profiles are from King and Kolar (1999).
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2.6. Uncertainty and Conditional Applicability of the ANL-MPM
Version 1

The uncertainty in the used fuel degradation model is a propagation of those associated with the
conceptual basis of the mixed potential model, the implementation of that model to represent the
disposal system and waste materials, including which process variables are explicitly taken into
account and the values of model parameters, and the fidelity with which the environment can be
represented by those processes and parameter values. Validation of the computer program
implementing the model will be considered separately.

The uncertainties associated with the ANL-MPM and associated parameter database have not yet
been quantified. At this stage of development, a quantitative uncertainty analysis of the model
would be incomplete due to the incompleteness of the ANL-MPM parameter database. As
discussed above, the ANL-MPM Version 1 parameter database contains a number of "place
holder" values (such as activation energies for temperature dependencies) that are based on
reasonable assumptions (see Table 6 and associated discussion). Other parameter values and
sources are identified in Tables 1 - 5. Section 3 does, however, lend confidence that the ANL-
MPM Version 1 does accurately reproduce the Canadian-MPM (King and Kolar, 2002), which
was verified by comparisons to experimental data. Therefore, the ANL-MPM Version 1 is a
base-case model with confirmed accurate mathematical implementation, but a somewhat
qualitative parameter database. On-going and future work will provide a critically reviewed
parameter database for which quantitative uncertainty analyses will be performed for parameter
values used in later versions.

Application of the ANL-MPM to different disposal systems will require confirmation that the
processes and variables pertinent to the environment are included in the model. It is expected
that the different solution compositions in clay, shale, basalt, and salt environments will require
the use of different terms and dependencies in the model. Experimental methods are being
developed such that key redox and chemical effects on UO; dissolution can be systematically
identified, evaluated, and quantified for model application.
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3. ANL-MPM VERSION 2

A working beta version of ANL-MPM Version 2 is being developed to add redox reactions and
expand the modeling capabilities of Version 1 to better represent the disposal environments of
interest. The main additions to the ANL-MPM contained in Version 2 are:

e Includes oxidation of dissolved H, at the used fuel/solution interface. (The H,;
concentration is supplied by another EBS model or user specified). An important source
of H; in the disposal system is corrosion of iron-based engineering materials.

e Includes the catalytic NMP (epsilon phase) as a separate domain at the used fuel/solution
interface. The relative "size" of the NMP domain is specified by the user as a fractional
surface coverage. The NMP domain is electrically coupled with the UO, matrix through a
user specified electrical resistance that can vary over time to represent corrosion of the
NMP and matrix.

¢ Includes bulk decomposition of hydrogen peroxide (with temperature dependence).

e Includes options for user to specify temperature and dose profiles of the fuel. These
profiles can be constant single values or functions (e.g., of time). This provides a link to
evolving environmental conditions determined in GPAM calculations.

e Includes a rapid diffusion option to simplify calculation of concentrations of species
whose diffusion coefficients are sufficiently large that they reach steady state on the order
of days (decreases computer time needed for model convergence). This facilitates
modeling long-term behavior, such as the generation of thick alteration rinds and the
long-term evolution of radiolysis products.

The conceptual approach for incorporating the catalytic effects of the NMP into the ANL-MPM
Version 2 is shown schematically in Figure 17 and the reactions are shown in Table 7. Figure 18
shows a detailed view of the process of interest. As shown in Figure 17 the main new feature of
the extended ANL-MPM (Version 2) is the incorporation of the NMP surface as a separate
domain at the used fuel/solution interface which is electrically coupled to the used fuel matrix by
a user specified resistance. This two domain electrochemical concept is paralleled by the
experimental set up we are using to quantify the parameters needed to accurately implement the
extended ANL-MPM (Jerden et al., 2012, Ebert et al., 2012).

Figure 16 represents the possible result of the catalysis of H, oxidation at the NMP surfaces,
specifically, the inhibition of oxidative dissolution of the fuel surface due to rapid reductive
destruction of H,O, and aqueous O,. This process, which essentially involves the galvanic
protection of the fuel by the catalytic behavior of the NMP, is identified as reactions D*, E*
and L* in Figure 16.
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MPM modified to include catalytic roles of NMP.

The top schematic in Figure 17 highlights the role of the NMP in electrochemically “protecting”
the UO, fuel from oxidative dissolution. On the right side, electrons released during the
oxidation of H; on the NMP surface can be used to reduce U(VI) at the surface back to U(IV)
and counter the corrosive effect of H,O; reduction in Reaction D. On the left side, the NMP
catalyzes the decomposition of H,O, (Reaction D¥*) to lessen the effect of Reaction D. The
lower diagram of Figure 17 illustrates the experimental approach that is being taken to quantify
key surface redox phenomena (Table 7, for discussion see Jerden et al., 2012). The NMP and
UO; materials are physically separated in the experiments to distinguish the currents from
reaction at each surface, but are coupled chemically by the common solution and electrically by
the potentiostats. Note that Reaction D* will occur in the experiments but not be detected
electrochemically. However, the effect of Reaction D* will be detected by any decrease in the
dissolution of UO,, for example, when the potential on the NMP electrode is increased to slow
Reaction L* or when no Hj is added to the solution.
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Figure 17. Schematic representation highlighting the process of interest for the ANL study
(top) and the basic experimental approach that will be used (bottom).

The ongoing electrochemical experiments (Jerden et al., 2012) involve measuring reaction
current densities, corrosion potentials, and released elemental masses from the UO, and NMP
alloy electrodes under a relevant range of controlled conditions. The experimental results will be

used to validate the role of the NMP in the fuel dissolution behavior and determine the form and

dependencies of the process model implemented in the module within the ANL-MPM for fuel

degradation.
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4. SUMMARY AND FUTURE WORK

A used fuel degradation rate model based on fundamental interfacial electrochemistry and
thermodynamics is being developed and tested. This model, referred to as the ANL mixed
potential model (ANL-MPM), is a 1-D reaction-diffusion code that is based on the mixed
potential fuel corrosion model developed as part of the Canadian used fuel repository program
(King and Kolar, 1999, 2002; Shoesmith, 2003). The specific objectives for this project that
have been achieved this year (FY-2012) and are discussed in this report are as follows:

¢ Implemented, using our own scripts/code, an established and well documented used fuel
degradation model (Canadian-mixed potential model) that is based on mixed potential
theory.

e Verified our scripting and coding by reproducing published results from the Canadian
model.

e Performed sensitivity analyses to determine which model parameters and input variables
have the strongest impact on the calculated used fuel degradation rate.

e Completed a critical review of the sources of all model parameters and input variables to
determine which values need further investigation through literature review or
experimental studies. This review also identified which variables must be provided by
other process models.

o Extended the base-case model to quantify the role of dissolved hydrogen in protecting
used fuel from oxidative dissolution by lowering the electrochemical potential at the fuel
surface.

e Developed a plan to extend the base-case model to account for the catalytic effects of
fission product alloy phase (noble metal particles) on reactions affecting UO, dissolution,
such as the kinetic balance of H, oxidation and H,O, reduction.

The ANL-MPM Version 1 is an implementation of the Canadian-MPM that was prepared to
provide a basis for initial sensitivity analyses to guide experiments, to gain hands-on experience
to support further refinements of the computing methods, to help in developing approaches for
incorporating experimental results, and to serve as a base model for adding modules to include
the effects of other reactions and processes. Version 1 accounts for:

Interfacial redox reaction kinetics (oxidative dissolution of UO, matrix).

Chemical or solubility based dissolution of the fuel matrix

Complexation of uranium at the fuel surface and in the bulk solution by carbonate.

The production of hydrogen peroxide (the dominant fuel oxidant in anoxic repository
environments) by alpha-radiolysis.

Diffusion of reactants and products away from and towards the reacting fuel surface.

The precipitation and dissolution of a U(VI) corrosion product layer on the fuel surface.
Adsorption of uranium onto iron oxides present in the bulk.

All interfacial and bulk reactions have a built in Arrhenius-type temperature dependence.

It is anticipated that ANL-MPM Version 1 will be issued in early FY 2013. An initial working
beta version of the ANL-MPM Version 2 has been written with modifications to support the
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addition of other processes and interactions.. This model version is an extension of the ANL-
MPM Version 1 that incorporates the following processes:

e Oxidation of dissolved H, at the used fuel/solution interface: H, concentration to be
supplied by other EBS model or user specified).

e The catalytic NMP (epsilon phase) as a separate domain at the used fuel/solution
interface. The relative "size" of the NMP domain is specified by the user as a surface
coverage and is electrically linked with the UO, matrix by a user specified resistance.

e The bulk decomposition of hydrogen peroxide (with temperature dependence).

e Option for user to specify temperature and dose profiles of the fuel (profiles can be
constant single values or functions).

e Rapid diffusion assumption to simplify calculation of concentrations of species whose
diffusion coefficients are sufficiently large that they reach steady state on the order of
days (decreases computer time needed for model convergence).

Because the ANL-MPM is based on fundamental principles it is flexible enough to be applied to
a range of chemical environments. On-going experimental work described in Jerden et al., 2012
and Ebert et al., 2012 is focused on quantifying the key model parameters that are needed to
improve predictive accuracy and capabilities such as applying the ANL-MPM Version 2 and
future versions to the full range of repository scenarios being considered as part of the UFD
campaign (granite, basalt, clay/shale, salt, rhyolite).

Iterative development of the ANL-MPM and supporting experimental work will continue in FY
2013. Activities will include the development analytical expressions for calculating the effects
of key environmental variables on the UO, dissolution rate—as measured in experiments—
within the used fuel degradation model. These effects may include the relative surface areas of
UO, and NMP, the composition of the NMPs, and quantitative effects of the dissolved H, and
H,0; concentrations.
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