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I" paragraph on page, last sentence: Change made to support change (discussed above) from "TSPA-

4. Title:

LA" to "TSPA".
Original REV 02 Text:
The EBS radionuclide transport abstraction (or EBS RTAbstraction) is the conceptual model
used in the total system performance assessment for the license application (TSPA-LA) to
determine the rate of radionuclide releases from the EBS to the unsaturated zone (UZ).
Changed to:
The EBS radionuclide transport abstraction (or EBS RTAbstraction) is the conceptual model
used in the total system performance assessment (TSPA) to determine the rate of
radionuclide releases from the EBS to the unsaturated zone (UZ).
1st paragraph on page, Is"three sentences: Self-identified change. There are four-not threeincorrect data values in the DTN.
6-63

Original REV 02 Text:
Three data values in this DTN are incorrect.
Changed to:
Four data values in this DTN are incorrect.
Section 8.4, 2 "dparagraph: Self-identified change. Language changed to reflect the roles of
Appendices I and J more accurately.
Original REV 02 Text:
Differences between the preliminary and final DTNs are described in Appendix I.

8-34

Changed to:
Differences between the preliminary DTNs: SN0403T0507703.015 and
SN0409T0507703.017 are described in Appendix I. This appendix also compares the
second preliminary DTN: SN0409T0507703.017 with the corresponding final DTN:
SN0410T0507703.018. Differences between the two related DTNs: SN0503T0503305.001
and SN0508T0503305.003 are described in Appendix J.

I-1

Appendix I, 1st paragraph: Self-identified change. This paragraph introduces five DTNs in all, but
explains that this appendix only discusses three of the DTNs. For clarity, a sentence is needed to
point the reader to Appendix J, which has the pertinent information on the other two DTNs.
Sentence added to end of paragraph:
Appendix J contains the comparison between DTNs: SN0503T0503305.001 and
SN0508T0503305.003.
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Appendix J, I" paragraph: This change supports the later use of "corrected" and "uncorrected" data

sets (verbiage, discussed in rows below, meant to clarify captions, figure labels, and sources for
Figures J-I and J-2 and Tables J-I and J-2).
Original REV 02 Text:
This appendix describes the erroneous data and the sorption parameter distributions that are
used in TSPA-LA.

U

J-1
Changed to:
The erroneous data and the sorption parameter distributions that are used in TSPA are
described in this appendix. In some instances, it refers to DTN: SN0503T0503305.001 as
the "uncorrected data set" and to DTN: SN0508T0503305.003 as the "corrected data set" as
a way of differentiating which data set has the correct values.

U

As a result of this change, page J-la was created.
3rd paragraph on page: Self-identified change. A grammatical error was fixed in last sentence of
paragraph.
J-2

Original REV 02 Text:
The differences.. .is discussed here solely to provide full traceability of the data.
Changed to:

J-2

The differences.. .are discussed here solely to provide full traceability of the data.
Caption for Table J-1: This ACN is being processed in preparation for submission of the report to the
NRC in association with AINs for the following KTIs: ENFE 4.03, ENFE 4.06, TSPAI 2.02
Comment J-8, TSPAI 3.17, and GEN 1.01 Comment 37. Before NRC submission, the report must
pass through a public release review, a process that in part involves examining how the document
refers to the TSPA. A preliminary review conducted by the Regulatory Compliance department
within Licensing determined that Figures J-I and J-2 and Tables J-I and J-2 are potentially confusing
because they may give the false impression that some of the results shown are generated by the TSPA
model. The captions, figure labels, and sources have been changed as necessary to make it clear that
the results are from two separate data sets, both of which were generated as product outputs of this
report.

Original REV 02 Text:
Table J-1. Sample Ranges and Distributions Used for Irreversible Sorption on Stationary
Corrosion Products in TSPA-La
Changed to:
Table J-l. Sample Ranges and Distributions Used for Irreversible Sorption on Stationary
Corrosion Products from the Uncorrected Data Set
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Continued caption for Table J-1: This ACN is being processed in preparation for submission of the
report to the NRC in association with AINs for the following KTIs: ENFE 4.03, ENFE 4.06, TSPAI
2.02 Comment J-8, TSPAI 3.17, and GEN 1.01 Comment 37. Before NRC submission, the report
must pass through a public release review, a process that in part involves examining how the
document refers to the TSPA. A preliminary review conducted by the Regulatory Compliance
department within Licensing determined that Figures J-1 and J-2 and Tables J-I and J-2 are
potentially confusing because they may give the false impression that some of the results shown are
generated by the TSPA model. The captions, figure labels, and sources have been changed as
necessary to make it clear that the results are from two separate data sets, both of which were
J-3, J-4, J-5, and J-6
generated as product outputs of this report.
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Original REV 02 Text:
Table J-I.

Sample Ranges and Distributions Used for Irreversible Sorption on Stationary
Corrosion Products in TSPA-LA (Continued)

Changed to:
Table J-1.

J-6

J-6

Sample Ranges and Distributions Used for Irreversible Sorption on Stationary
Corrosion Products from the Uncorrected Data Set (Continued)
Labels in legend for Figure J-1: This ACN is being processed in preparation for submission of the
report to the NRC in association with AINs for the following KTIs: ENFE 4.03, ENFE 4.06, TSPAI
2.02 Comment J-8, TSPAI 3.17, and GEN 1.01 Comment 37. Before NRC submission, the report
must pass through a public release review, a process that in part involves examining how the
document refers to the TSPA. A preliminary review conducted by the Regulatory Compliance
department within Licensing determined that Figures J-1 and J-2 and Tables J-1 and J-2 are
potentially confusing because they may give the false impression that some of the results shown are
generated by the TSPA model. The captions, figure labels, and sources have been changed as
necessary to make it clear that the results are from two separate data sets, both of which were
generated as product outputs of this report.
Figure J-1 replaced with new version having different labels in the legend. "TSPA-LA" has been
changed to "Uncorrected Data Set". "EBS RT Abstraction" has been changed to "Corrected Data
Set".
Sources for Figure J-1: This ACN is being processed in preparation for submission of the report to
the NRC in association with AINs for the following KTIs: ENFE 4.03, ENFE 4.06, TSPAI 2.02
Comment J-8, TSPAI 3.17, and GEN 1.01 Comment 37. Before NRC submission, the report must
pass through a public release review, a process that in part involves examining how the document
refers to the TSPA. A preliminary review conducted by the Regulatory Compliance department
within Licensing determined that Figures J-I and J-2 and Tables J-I and J-2 are potentially confusing
because they may give the false impression that some of the results shown are generated by the TSPA
model. The captions, figure labels, and sources have been changed as necessary to make it clear that
the results are from two separate data sets, both of which were generated as product outputs of this
report.
Original REV 02 Text:
Sources:

Changed to:
Sources:
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TSPA-LA: Table J-2.
EBS RT Abstraction: Output DTN: SN0508T0503305.003.

Uncorrected data set: Table J-2.
Corrected data set: Output DTN: SN0508T0503305.003.
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EBS Radionuclide Transport Abstraction
Caption for Figure J-1: This ACN is being processed in preparation for submission of the report to
the NRC in association with AINs for the following KTIs: ENFE 4.03, ENFE 4.06, TSPAI 2.02
Comment J-8, TSPAI 3.17, and GEN 1.01 Comment 37. Before NRC submission, the report must
pass through a public release review, a process that in part involves examining how the document
refers to the TSPA. A preliminary review conducted by the Regulatory Compliance department
within Licensing determined that Figures J-1 and J-2 and Tables J-I and J-2 are potentially confusing
because they may give the false impression that some of the results shown are generated by the TSPA
model. The captions, figure labels, and sources have been changed as necessary to make it clear that
the results are from two separate data sets, both of which were generated as product outputs of this
J-6
report.
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Original REV 02 Text:

(.9

Changed to:

(9
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Figure J-1. Comparison of Cumulative Probabilities in Goethite Sorption Site Density
Discrete Distributions from the Uncorrected and Corrected Data Sets
Caption for Table J-2: This ACN is being processed in preparation for submission of the report to the
NRC in association with AINs for the following KTIs: ENFE 4.03, ENFE 4.06, TSPAI 2.02
Comment J-8, TSPAI 3.17, and GEN 1.01 Comment 37. Before NRC submission, the report must
pass through a public release review, a process that in part involves examining how the document
refers to the TSPA. A preliminary review conducted by the Regulatory Compliance department
within Licensing determined that Figures J-1 and J-2 and Tables J-I and J-2 are potentially confusing
because they may give the false impression that some of the results shown are generated by the TSPA
model. The captions, figure labels, and sources have been changed as necessary to make it clear that
the results are from two separate data sets, both of which were generated as product outputs of this
report.

Figure J-1. Comparison of Cumulative Probabilities in Goethite Sorption Site Density
Discrete Distributions Used in TSPA-LA and Developed in EBSRTAbstraction
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Original REV 02 Text:
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Table J-2.

Cumulative Probability Distributions for Goethite Site Density and Percentage of
High-Affinity Goethite Sites Used in TSPA-La
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Changed to:
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Cumulative Probability Distributions for Goethite Site Density and Percentage of
High-Affinity Goethite Sites from the Uncorrected Data Set
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4. Title:
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2. Revision:

02

3. ACN:

01

EBS Radionuclide Transport Abstraction
Continued caption for Table J-2: This ACN is being processed in preparation for submission of the
report to the NRC in association with AINs for the following KTIs: ENFE 4.03, ENFE 4.06, TSPAI
2.02 Comment J-8, TSPAI 3.17, and GEN 1.01 Comment 37. Before NRC submission, the report
must pass through a public release review, a process that in part involves examining how the
document refers to the TSPA. A preliminary review conducted by the Regulatory Compliance
department within Licensing determined that Figures J-I and J-2 and Tables J-1 and J-2 are
potentially confusing because they may give the false impression that some of the results shown are
generated by the TSPA model. The captions, figure labels, and sources have been changed as
necessary to make it clear that the results are from two separate data sets, both of which were
J-8
generated as product outputs of this report.
Original REV 02 Text:
Table J-2. Cumulative Probability Distributions for Goethite Site Density and Percentage of
High-Affinity Goethite Sites Used in TSPA-LA (Continued)
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Changed to:
Table J-2. Cumulative Probability Distributions for Goethite Site Density and Percentage of
High-Affinity Goethite Sites from the Uncorrected Data Set (Continued)
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J-9

Labels in legend for Figure J-2: This ACN is being processed in preparation for submission of the
report to the NRC in association with AINs for the following KTIs: ENFE 4.03, ENFE 4.06, TSPAI
2.02 Comment J-8, TSPAI 3.17, and GEN 1.01 Comment 37. Before NRC submission, the report
must pass through a public release review, a process that in part involves examining how the
document refers to the TSPA. A preliminary review conducted by the Regulatory Compliance
department within Licensing determined that Figures J-1 and J-2 and Tables J-1 and J-2 are
potentially confusing because they may give the false impression that some of the results shown are
generated by the TSPA model. The captions, figure labels, and sources have been changed as
necessary to make it clear that the results are from two separate data sets, both of which were
generated as product outputs of this report.
Figure J-2 replaced with new version having different labels in the legend. "TSPA-LA" has been
changed to "Uncorrected Data Set". "EBS RT Abstraction" has been changed to "Corrected Data
Set".
Sources for Figure J-2: This ACN is being processed in preparation for submission of the report to
the NRC in association with AINs for the following KTIs: ENFE 4.03, ENFE 4.06, TSPAI 2.02
Comment J-8, TSPAI 3.17, and GEN 1.01 Comment 37. Before NRC submission, the report must
pass through a public release review, a process that in part involves examining how the document
refers to the TSPA. A preliminary review conducted by the Regulatory Compliance department
within Licensing determined that Figures J-1 and J-2 and Tables J-1 and J-2 are potentially confusing
because they may give the false impression that some of the results shown are generated by the TSPA
model. The captions, figure labels, and sources have been changed as necessary to make it clear that
the results are from two separate data sets, both of which were generated as product outputs of this
report.
Original REV 02 Text:
Sources:
TSPA-LA: Table J-2.
EBS RT Abstraction: Output DTN: SN0508T0503305.003.
Changed to:
Sources:

Uncorrected data set: Table J-2.
Corrected data set: Output DTN: SN0508T0503305.003.
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Caption for Figure J-2: This ACN is being processed in preparation for submission of the report to
the NRC in association with AINs for the following KTIs: ENFE 4.03, ENFE 4.06, TSPAI 2.02
Comment J-8, TSPAI 3.17, and GEN 1.01 Comment 37. Before NRC submission, the report must
pass through a public release review, a process that in part involves examining how the document
refers to the TSPA. A preliminary review conducted by the Regulatory Compliance department
within Licensing determined that Figures J-1 and J-2 and Tables J-1 and J-2 are potentially confusing
because they may give the false impression that some of the results shown are generated by the TSPA
model. The captions, figure labels, and sources have been changed as necessary to make it clear that
the results are from two separate data sets, both of which were generated as product outputs of this
report.
Original REV 02 Text:
Figure J-2. Comparison of Cumulative Probabilities in Goethite Percentage of HighAffinity Sites Discrete Distributions Used in TSPA-LA and Developed in EBS
RTAbstraction
Changed to:
Figure J-2. Comparison of Cumulative Probabilities in Goethite Percentage of HighAffinity Sites Discrete Distributions from the Uncorrected and Corrected Data
Sets
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1. PURPOSE
The purpose of this report is to develop and analyze the engineered barrier system (EBS)
radionuclide transport abstraction model, consistent with Level I and Level II model validation,
as identified in Technical Work Planfor: Near-FieldEnvironment and Transport: Engineered
Barrier System: Radionuclide Transport Abstraction Model Report Integration (BSC 2005
[DIRS 173617]). The EBS radionuclide transport abstraction (or EBS RT Abstraction) is the
conceptual model used in the total system performance assessment (TSPA) to determine the rate
of radionuclide releases from the EBS to the unsaturated zone (UZ).
The EBS RTAbstraction conceptual model consists of two main components: a flow model and
a transport model. Both models are developed mathematically from first principles in order to
show explicitly what assumptions, simplifications, and approximations are incorporated into the
models used in the TSPA.
The flow model defines the pathways for water flow in the EBS and specifies how the flow rate
is computed in each pathway. Input to this model includes the seepage flux into a drift. The
seepage flux is potentially split by the drip shield, with some (or all) of the flux being diverted by
the drip shield and some passing through breaches in the drip shield that might result from
corrosion or seismic damage. The flux through drip shield breaches is potentially split by the
waste package, with some (or all) of the flux being diverted by the waste package and some
passing through waste package breaches that might result from corrosion or seismic damage.
Neither the drip shield nor the waste package survives an igneous intrusion, so the flux splitting
submodel is not used in the igneous scenario class. The flow model is validated in an
independent model validation technical review. The drip shield and waste package flux splitting
algorithms are developed and validated using experimental data.
The transport model considers advective transport and diffusive transport from a breached waste
package. Advective transport occurs when radionuclides that are dissolved or sorbed onto
colloids (or both) are carried from the waste package by the portion of the seepage flux that
passes through waste package breaches. Diffusive transport occurs as a result of a gradient in
radionuclide concentration and may take place while advective transport is also occurring, as
well as when no advective transport is occurring. Diffusive transport is addressed in detail
because it is the sole means of transport when there is no flow through a waste package, which
may dominate during the regulatory compliance period in the nominal and seismic scenarios.
The advective transport rate, when it occurs, is generally greater than the diffusive transport rate.
Colloid-facilitated advective and diffusive transport is also modeled and is presented in detail in
Appendix B of this report.
Additional submodels and model parameters developed in this model report include:
* Diffusion inside a waste package. The time-dependent quantity of corrosion products
inside a breached waste package is estimated; this enables the surface area available for
adsorption of water to be approximated, which in turn gives the water volume through
which diffusion of radionuclides may occur.
* Irreversible sorption onto stationary corrosion products in a breached waste package.
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*

Diffusion in the invert, accounting for the dependence of diffusion on porosity,
saturation, and temperature.

U
U

" Sorption in the invert.

U

" EBS-UZ interface model. Implementation in the TSPA includes this model to provide a
realistic concentration boundary condition.

)

The transport
Parameter uncertainty associated with each model and submodel is discussed.
model and the EBS-UZ interface model are validated using corroborative data and models as
well as an independent model validation technical review.

U

Alternative conceptual models considered include:

L.)

" A "bathtub" flow model in which water must fill a breached waste package before any
can flow out, as opposed to the flow-through model that is used

U

" Models that show the effect of limitations on diffusion of water vapor and oxygen into a
breached waste package and consequential delays in releases of radionuclides

U

U

" A dual-continuum invert flow and transport submodel
" Alternative invert diffusion coefficient submodels
)

* Reversible sorption of radionuclides onto waste package corrosion products
* Pu sorption onto stationary corrosion products and colloids.
Output from the EBS RTAbstraction includes:
" The flow model-the algorithms for computing the flow in each flow path within the
EBS, with parameter values or sources for those parameters used in the model
" The transport model-a model for advective and diffusive transport, specifying the
computational procedure for both commercial spent nuclear fuel (CSNF) and codisposal
waste packages in both the seep environment (where seepage into the drift and
condensation on drift walls occur) and the no-seep environment (where no seepage into
the drift or condensation on drift walls occurs), with parameter values or sources for
those parameters used in the model
" Ranges and distributions for parameters that are uncertain and are sampled in the TSPA
implementation of the EBS RTAbstraction.

L.
.

I

Changes from the previous revision:
*

The corrosion products formed in the waste package are assumed to be a mixed
assemblage of iron (hydr)oxides, namely hydrous ferric oxide (HFO), goethite, and
hematite. These are the solid phases most likely to form from the corrosion of all internal
waste package components, except for fuel rods and spent nuclear fuel (SNF), under the
anticipated moist and oxidizing repository conditions.
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"

The method of calculating sorption of radionuclides onto stationary corrosion products
has been modified. First, reversible sorption of radionuclides onto stationary corrosion
products has been eliminated from the calculation. Second, the number of sites available
for irreversible sorption of Pu and Am onto stationary corrosion products has been
reduced (to a range sampled in TSPA calculations). These modifications were made in
response to calculations that resulted in the prediction of excessive amounts of
radionuclide sorption under certain conditions of waste package chemistry. The changes
to the calculational method now predict that greater quantities of radionuclides remain
unretarded in solution.

" Corrosion product properties used in radionuclide sorption calculations have been
modified to those of goethite and HFO. These phases will likely be present along with
hematite in the corrosion product assemblage in the waste package. Using the aggregate
surface properties of goethite and HFO in TSPA calculations of radionuclide sorption
allows the implementation of a more realistic model for retardation.
* The implementation for codisposal (CDSP) waste packages in TSPA has been revised.
Previously, DSNF was modeled in TSPA as part of the corrosion products domain, but
now DSNF is modeled as a separate sub-domain as part of the waste form domain.
The scope of this abstraction and report is limited to flow and transport processes. Specifically,
this report provides the algorithms that are implemented in TSPA for transporting radionuclides
using the flow geometry and radionuclide concentrations determined by other elements of the
TSPA model. The EBSRTAbstraction also identifies the important processes that are evaluated
at the process level or component level using analytical or numerical solutions. Restrictions on
the use of this abstraction are discussed in Section 8.4.
This report was prepared to comply with the U.S. Nuclear Regulatory Commission (NRC) rule
for high-level radioactive waste (HLW), 10 CFR Part 63 [DIRS 173273], which requires the
U.S. Department of Energy (DOE) to conduct a performance assessment to demonstrate
compliance with postclosure performance objectives. The results from this conceptual model
allow Bechtel SAIC Company, LLC (BSC) to address portions of the acceptance criteria
presented in Yucca Mountain Review Plan,FinalReport (NRC 2003 [DIRS 163274]).
The following reports provide input to the EBS RTAbstraction:
" Multiscale Thermohydrologic Model
" Thermal Conductivity of the PotentialRepository Horizon
* CalibratedPropertiesModel
" UZ Flow Models and Submodels
" Radionuclide TransportModels Under Ambient Conditions
" Analysis of Hydrologic PropertiesData
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3.
3.1

USE OF SOFTWARE

U

MICROSOFT EXCEL

Microsoft Excel 2002 "Add Trendline" capability was used to perform a statistical analysis of
diffusion coefficient values reported in Section 6.3.4.1.1. Microsoft Excel 2002 was also used to
analyze experimental data used to develop and validate the drip shield and waste package flux
splitting submodels (Sections 6.5.1.1.2.4, 6.5.1.1.3, and 7.1.1). A calculation of the potential
mass of corrosion products in fully degraded waste packages, summarized in Table 6.3-4, is
described in Appendix A. A sample calculation to demonstrate the solution procedure used in
the colloid transport model, described in Appendix B, was also carried out using Microsoft
Excel 2002. A complete description of the formulas, inputs, and outputs used in the Microsoft
Excel analysis of the drip shield experimental data is provided in Appendices C (the drip shield
flux splitting submodel), D (the waste package flux splitting submodel), and E (validation of the
flux splitting submodels). The formulas, inputs, and outputs used in Microsoft Excel to perform
the sample colloid transport calculation are presented in Appendix F, and the invert diffusion
properties model analysis is described in Appendix G.

U
L

3.2

U

GOLDSIM

GoldSim V8.01 Service Pack 1 (STN: 10344-8.01 SP1-00) (Golder Associates 2003
[DIRS 166572]) is run on Microsoft Windows 2000 on a Dell workstation with Intel Xeon
processor and was developed to perform dynamic, probabilistic simulations. GoldSim V8.01
was used in accordance with LP-SI.11Q-BSC, Software Management. GoldSim calculations
were done in support of validation of models developed in the EBS RT Abstraction (see
Section 7.3.1).
GoldSim calculations were also run to verify an alternative model
implementation in Section 6.6.4.4. GoldSim V8.01 is used in these validation calculations
because it is used in the TSPA model. This software was obtained from Configuration
Management. The use of this software was consistent with the intended use and within the range
of validation of the software. The range of validation is defined by the documented functionality
(i.e., requirements) and the range of acceptable input. The requirements are located in the
Requirements Document for: GoldSim V8.02, Rev. No. 00, Document ID: 10344-RD-8.02-00
(DOE 2004 [DIRS 169875]). The range of acceptable inputs is element-specific. The rules for
the use of each type of element are discussed in User's Guide, GoldSim ProbabilisticSimulation
Environment (GoldSim Technology Group 2003 [DIRS 166226]).

U
U
U

L

U
U

L

L

L
L
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Fuel rod dimensions-The fuel rod dimensions for assembly Westinghouse Electric
(WE) 17 x 17 are given in Characteristics of Potential Repository Wastes (DOE 1992
[DIRS 102588]). This four-volume report is the definitive compilation of the characteristics of
potential repository wastes. The concerns raised by Deficiency Report VAMO-98-D-132
(DOE 1998 [DIRS 123628]) regarding inconsistencies between data reported in Characteristics
of PotentialRepository Wastes (DOE 1992 [DIRS 102588]) and its data sources do not impact
the data used in this analysis with regard to the WE 17 x 17 fuel rods; thus, these data are
considered reliable and are justified as suitable for intended use in this analysis. The
WE 17 x 17 fuel assembly is used as the representative fuel assembly because (1) Westinghouse
fuel assemblies comprise a large fraction (about 21 percent) of all fuel assemblies, (2)
the 17 x 17 configuration comprises about 34 percent of discharged fuel assemblies
(Faruque 1993 [DIRS 170706]), and (3) 21-pressurized water reactor (PWR) waste packages that
will contain the WE 17 x 17 fuel assemblies are the most common type of waste package,
nominally comprising 4,299 of the 11,184 waste packages planned for the repository (BSC 2005
[DIRS 173501], Table 13).
Initial Radionuclide Inventories (BSC 2004 [DIRS 170022], Section 5.1) uses a Babcock and
Wilcox Mark B PWR assembly as representative of PWR systems instead of the WE 17 x 17
assembly used in this analysis. Because the number and dimensions of fuel rods used in the
Babcock and Wilcox Mark B differ from those of the WE 17 x 17 assembly, the choice of a
representative assembly could impact the initial waste package void volume calculation in
Section 6.3.4.3.4. The calculation in that section is used to establish an approximate upper
bound on the porosity of corrosion products and to validate the value of porosity used in TSPA
calculations. Because the estimated bound is not used as output from this analysis, a variation of
a few percentage points is of no consequence. The Babcock and Wilcox Mark B PWR assembly
contains 208 fuel rods, with each rod having a length of 153.68 in. and an outside diameter of
0.430 in. (DOE 1992 [DIRS 102588], p. 2A-7). Thus, the total volume of fuel rods in 21
Babcock and Wilcox Mark B assemblies is 1.597 m3 , versus 1.513 m3 in 21 WE 17 x 17
assemblies (see Table 6.3-9). The initial porosity of a 21-PWR waste package using Babcock
and Wilcox Mark B assemblies will then be 0.58, which, to two significant digits, is identical to
the estimated initial porosity using WE 17 x 17 assemblies obtained in Section 6.3.4.3.4.
Therefore, the choice of representative assembly has no impact on this analysis.
The fuel rod length is reported in Characteristicsof PotentialRepository Wastes (DOE 1992
[DIRS 102588], Volume 1, p. 2A-30) as ranging from 151.560 in. to 151.635 in. Because no
distribution for length is given in the reference (which would give some guidance on selecting a
single representative value for length) and because the range is small (less than 0.05 percent
variation from minimum to maximum), the minimum length is used as representative of
the range.
Water molecule cross-sectional area-The cross-sectional area of the water molecule is taken
from the paper "Adsorption of Water Vapour on oc-Fe 2 0 3" (McCafferty and Zettlemoyer 1970
[DIRS 154382]). The paper was published in Discussions of the FaradaySociety, a publication
started in 1947 and continuing to this day as the FaradayDiscussionsunder the sponsorship of
the Royal Society of Chemistry. The Royal Society of Chemistry is the largest organization in
Europe for advancing the chemical sciences and is supported by a network of 45,000 members
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Abstraction the specific surface area of hematite represents that of corrosion products, which will
form under a wide range of conditions, this is a sampled parameter in TSPA. The values of
specific surface area of hematite in Table 4.1-9 establish lower and upper bounds of the range to
be sampled. The lower bound value, for natural hematite, is provided by Langmuir (1997
[DIRS 100051]), a widely used textbook on aqueous geochemistry by a reputable, extensively
published author and environmental chemistry researcher. The upper bound value is provided by
a study of catalytic behavior of metal oxides (Briand et al. 2001 [DIRS 161617]) published in the
Journalof Catalysis, a reputable refereed journal. Further discussion and corroboration of the
range of specific surface area of hematite is provided in Section 6.3.4.3.3.
Tuff matrix diffusion coefficient correlation-The diffusion coefficient correlation for tuff
matrix, used as direct input in Section 6.6.5-2 (Equation 6.6.5.2-4), was developed by Reimus et
al. (2002 [DIRS 163008]). The qualification of this report and the use of the equation are given
here in accordance with item 5.2.1(k) of LP-SIII.IOQ-BSC: Reliability of data source; and
qualifications of personnel or organizations generating the data.
The diffusion equation was developed by Reimus et al. (2002 [DIRS 163008]) at Los Alamos
National Laboratory (LANL), a nationally recognized scientific institution, supported by DOE,
National Nuclear Security Administration, Nevada Operations Office, as part of the
Underground Test Area Project. LANL is a DOE multidisciplinary science institution managed
by the University of California and is highly regarded among the scientific community for both
quality and the reliability of scientific work. Scientists at LANL are among the most highly
respected in their scientific fields. Furthermore, the diffusion data used in the development of
Equation 6.6.5.2-4 was collected under adequate QA procedures and protocol, comparable to the
YMP QA program. Thus, the data source is considered reliable, and Equation 6.6.5.2-4 is
justified for its intended use as direct input in this report.

U
L

U
U
i

L)

U

U

Sorption site density and specific surface area of goethite and ferrihydrite-The sorption
density and specific surface area data for goethite listed in Table 4.1-10 were compiled from
many laboratory studies mainly addressing the single metal sorption from aqueous solutions.
The data for ferrihydrite (designated as amorphous hydrous ferric oxide [HFO] in this report)
were compiled from Dzombak and Morel (1990 [DIRS 105483]). The site densities for many
ferric oxyhydroxide solids have been obtained mainly through the evaluation of sorption data
using models such as the Surface Complexation Model (SCM) and other similar models. Given
the difficulties in obtaining site density data, this parameter is usually constrained by either
fitting the experimental sorption data or just using an accepted value for metal sorption models
onto certain types of solids. Site density data have been obtained experimentally from acid-base
surface titration measurements assuming complete surface saturation of ionic species that sorb to
the oxyhydroxide surface (Villalobos et al. 2003 [DIRS 173017]). Other approaches include
estimations of surface site densities on the basis of properties of the sorbent at distinct crystal
planes (see Hiemstra and Van Riemsdijk 1996 [DIRS 173023]; Pivovarov 1997 [DIRS 173714])
and tritium exchange experiments.
Since most of the estimated site density values in these sources are obtained from single metal
sorption and SCM studies, competitive effects are not taken into account. The assessment of
competitive sorption in multi-component systems remains a subject of ongoing research and is
restricted to a limited number of studies on few metal species. Therefore, it is reasonable to say
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Table 4.1-10. Specific Surface Areas and Adsorption Site Densities for Goethite, Hematite, and HFO
M/

,0.

,>

Specific
Surface Area

Substrate
Goethite

Site
Density
3.28 x 10"6

Site Density
Units
mol m-2

Goethite

1.43 x 10-5

mol m-2

55

Rodda et al. 1996
[DIRS 173710], Table 1

Goethite

2.2 x 10-6

mol m-2

55

Rodda et al. 1996

(M2

q-1)

55

z
0
0

0z

Source
Rodda et al. 1996
[DIRS 173710], Table 1

z

converted to sites nm-2 in Table 6.3-4a.
[DIRS 173710], Table 5

Goethite

6.15

sites nm-

Goethite

8.00

Goethite
Goethite

2

-

Hiemstra and Van Riemsdijk 1996
[DIRS 173023], p. 498

sites nm- 2

52

4.90

sites nn-2

45

7.40

sites nm- 2

Villalobos et al.
[DIRS 1730171,
Villalobos et al.
[DIRS 173017],
Villalobos et al.

M-2__

Goethite

4.60

sites nm

2

28.5

2003
Table 2
2003
Table 2
2003

173017], Table 2

_[DIRS

32

Goethite

7.20

sites nm- 2

30.8

Goethite

3.40

sites nm- 2

32

Model fitting (BET adsorption model for Zn at 25 0C). Site density
converted to sites nm-2 in Table 6.3-4a.

Total site density obtained from crystal plane structural relations
for 021 and 110 goethite faces in corresponding proportions
described by Hiemstra and Van Riemsdijk 1996 [DIRS 173023],
p. 498. The listed value of 6.15 sites nm-2 is the total of low- and
high-affinity sites given by the source: 3.45 + 2.7 = 6.15
sites nm-2. A value of 5.92 sites nm- 2 for site density is listed in
preliminary output DTN: SN0503T0503305.001 and used in
TSPA; see Appendix J.
Calculated from maximum sorption data for Pb 2+
Calculated from maximum sorption data for Pb 24
Calculated from maximum sorption data for F- (assumed
mononuclear complex)

Villalobos et al. 2003

Calculated from maximum sorption data for F (assumed

[DIRS 173017], Table 2

mononuclear complex)

Villalobos et al. 2003
[DIRS 173017], Table 2
Villalobos et al. 2003

Calculated from maximum sorption data for F- (assumed
mononuclear complex)
Calculated from maximum sorption data for phosphate (assumed

I [DIRS 1730171, Table 2

0,
0

Comments
Model fitting (2-site Langmuir adsorption model for Zn at 25 0C).
Tabulated site density denotes sum of low- and high-affinity sites:
2.90 x 10.6 + 3.75 x 10-7 = 3.28 x 10-6 mol m- 2 . Site density
converted to sites nm-2 in Table 6.3-4a.
Model fitting (2-site Langmuir adsorption model for Zn at 25 0C).
Tabulated site density denotes sum of low- and high-affinity sites:
1.30 x 10-5 + 1.26 x 10"6 = 1.43 x 10-5 mol m- 2. Site density

binuclear)

z

Table 4.1-10. Specific Surface Areas and Adsorption Site Densities for Goethite, Hematite, and HFO (Continued)

0

Q

Substrate

Site
Density

Site Density
Units

Specific
Surface Area
(M2 g-1)

Goethite

6.31

sites nm-2

85

Goethite

1.8

sites nm-2

27.7

2.31

2

0

Goethite

sites nm-

49

C'

z0

Goethite

7.00

sites nm-2

49

Goethite

8.38

sites nm-2

49

Goethite

8.16

sites nm-2

49

Goethite

1.68

sites nm-z

39.9

Goethite

3.12

sites nm-2

81

Goethite

7.00

sites nm- 2

52

Goethite

2.3

sites nm-2

45

Goethite

1.7

sites nm- 2

43

Goethite

5

sites nm'2

110

Goethite

4.84

sites nm-2

64.3

I

Source
Boily et al. 2001
[DIRS 1737071, Table 3
Gao and Mucci 2001
[DIRS 1737501, p. 2364
Robertson and Leckie 1997
[DIRS 173763], Table 4
Robertson and Leckie 1997
_[DIRS 173763], Table 4
Robertson and Leckie 1997
[DIRS 173763], Table 4

Robertson and Leckie 1997
[DIRS 1737631, Table 4
L6vgren et al. 1990
[DIRS 173771], p. 1303
Machesky et al. 1991
[DIRS 173758], p. 771
Hayes and Leckie 1987
[DIRS 173817], Table II
van Geen et al. 1994
[DIRS 144702], Table 1
Persson et al. 1998
[DIRS 173762], p. 261
Davis and Upadhyaya 1996
S[DIRS 173743], p. 1895
Xue and Traina 1996
[DIRS 173713], p. 3163

Comments
Total site density estimated from crystallographic data at three
different crystal planes
Acid-base surface titration

C,,

0

Range obtained from SCMs sensitivity analyses

0~

Range obtained from SCMs sensitivity analyses

0

C,,
-t

Range obtained from SCMs sensitivity analyses.
A value of 8.83 sites nm"2 for site density is listed in preliminary
output DTN: SN0503T0503305.001 and used in TSPA; see
Appendix J.
Range obtained from SCMs sensitivity analyses
Acid-base surface titration
Estimated from maximum sorption data
Pb sorption data
Adopted value is the same as that given by Davis
and Kent (1990 [DIRS 143280]) and Dzombak and Morel
(1990 [DIRS 105483])
Acid-base surface titration
Assumed value based on Stumm 1992 [DIRS 141778]
Calculated value from the smallest average for constant
capacitance model (CCM)
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Table 4.1-17.

Diffusion Coefficient for Granular Materials for Volumetric Moisture Content
Between 1.5 Percent and 66.3 Percent (Continued)
Volumetric Moisture Content
Diffusion Coefficient
Sample
(%)
(cm 2 s-1)
3.22 x 10-6
42.5
122
123*
43.4
1.02 x 10'
124
49.0
6.09 x 10'
125
66.3
1.83 x 10'
NOTE:
All values are from Conca and Wright 1992 [DIRS 100436], Figure 2,
except for those indicated by an asterisk, which are from Conca et al.
1993 [DIRS 170709], Figure 2.

4.1.3

Design Information

Some of the information necessary for the model presented in this document consists of
parameters and other descriptions based on the license application (LA) conceptual design of the
repository.
Included are dimensions, material amounts and properties, and physical
configuration of the drifts and their contents, listed in Tables 4.1-18 through 4.1-20. For TSPA
analyses, this information was obtained from information exchange drawings (IEDs) and design
drawings cited on IEDs.
In Table 4.1-20, the component materials in a 21-PWR waste package are obtained from Design
and Engineering,21-PWR Waste Package Configuration (BSC 2004 [DIRS 167394]), which is
the design version preceding the current version (BSC 2004 [DIRS 170710]). In addition, the
masses, thicknesses, and numbers of components in a 21-PWR waste package, listed in
Tables 4.1-18 through 4.1-20, are obtained from Revision OOC of D&E/PA/CIED Typical Waste
Package Components Assembly (BSC 2004 [DIRS 169472]), which has been superseded by lED
[information exchange drawing] Typical Waste Package Configuration (BSC 2005
[DIRS 173501]). Justification for using the previous design data and the impact on TSPA
calculations is provided in Section 6.3.4.2.3, where the impact is shown to be negligible.
In Table 4.1-20, the masses and numbers of components in a 5 DHLW/DOE - Short waste
package are obtained from Revision 00B of D&E/PA/C IED Typical Waste Package
Components Assembly (BSC 2004 [DIRS 167207]), which is the version of the IED preceding
Revision OOC (BSC 2004 [DIRS 169472]), used for the 21-PWR waste packages, which in turn
has been superseded by IED Typical Waste Package Configuration(BSC 2005 [DIRS 173501]).
Minor changes in component masses were made in the 5 DHLW/DOE - Short waste package
from Revision 00B (BSC 2004 [DIRS 167207]) to Revision OOC (BSC 2004 [DIRS 169472]) to
BSC 2005 [DIRS 173501].
The impacts of the changes in component masses in
the 5 DHLW/DOE - Short waste package are analyzed in Section 6.3.4.2.3 and are shown to
be negligible.
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5.

5.1

L)

ASSUMPTIONS

LU

ALL SEEPAGE FALLS ONTO DRIP SHIELD/IVASTE PACKAGE

LU

Assumption: It is assumed that the locations of seeps in the emplacement drifts are random with
respect to waste package locations, but that once a seep occurs, its location does not change over
time. It is also assumed that fragments of the drip shield that may rest on the waste package, or
fallen rock that may rest on the drip shield or waste package, do not divert any seepage flux. InU
addition, it is assumed that all seepage into the drift falls on the crown of the drip shield, and in
the absence of a drip shield, all seepage falls on the crown of the waste package. In the event of
a breach in the drip shield, all the seepage that penetrates the drip shield contacts theU
waste package.
Basis: Once seepage occurs during cooldown, the fracture characteristics that control the
location of seepage are not expected to change. If such changes occur, they are likely to be
limited in extent, or to occur in a random manner for many waste packages such that there is no
overall, significant effect on the interaction of seepage water wvith waste forms. The mean
seepage for the degraded drift is greater than for the non-degraded case, but the factors
controlling seep locations are still likely to occur in a random manner for many waste packages.
Confirmation Status: This assumption does not require confirmation because it maximizes the
duration of seepage contact with drip shields and waste packages as represented in TSPA. It also
maximizes the flux of dripping water available to flow through breaches in the drip shield oru
waste package, once such flow is initiated as represented in the TSPA.L

Ui

LU
LU
L
L;

U
L

U

Use in the Model: This assumption is used throughout Sections 6 and 7.U
5.2

EVAPORATION FROM A DRIP SHIELD DOES NOT OCCURU

A4ssumption: It is assumed that there is no evaporation of seepage wvater from the surface of theU
drip shield.L
Basis: The heat output from the waste package will cause the drip shield generally to be hotter
than the drift wall from which seepage water is dripping. Some seepage water that drips onto the
drip shield may be evaporated, thereby reducing the flux of water through the drip shield. A
reduction in the quantity of water flux through the drip shield reduces the potential for advective
transfer and subsequent release and transport of radionuclides from the waste packages. Ignoring
the process of evaporation in this analysis therefore bounds (maximizes) the impacts of the
seepage flux on waste packages.

L
L

Although some splashing or splattering can occur as water droplets impinge on the drip shield,
the splash distance would be limited, and the water would effectively be redistributed over theL
top of the drip shield. If water droplets were to fall near the edge of the top plate, some splashesU
could fall onto the invert or lower walls of the drift and drain directly into the invert. This
situation would minimize the degrading effects of water dripping on the drip shield and therefore
is eliminated from consideration in order to bound the impacts of the seepage flux on
waste packages.

L
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5.7

NO PHYSICAL FILTRATION OR GRAVITATIONAL SETTLING OF COLLOIDS

Assumption: It is assumed that physical filtration and gravitational settling of colloids will not
occur within the waste package and the drift.
Basis: Filtration processes may affect transport of radionuclide-bearing colloids in the waste and
EBS. Colloid filtration as discussed here refers to the physical removal of colloids from a flow
system by pore clogging, sieving, and straining. Filtration of colloids generally means the
retention of colloids moving with the suspending fluid in pores, channels, and fracture apertures
that are too small or dry to allow passage of the colloids.
In the EBS RT Abstraction, the assumption is made that all stable colloids formed within the
waste package (the calculated colloid source term) exit the package and enter the invert without
filtration. These colloids will then move through the invert material without being subjected to
filtration until they reach the underlying UZ.
Filtration is excluded on the basis of low consequence. Since filtration within the waste package
and the invert will actually occur to some extent, the modeling approach of neglecting filtration
overestimates the potential impact of colloid-facilitated transport of radionuclides in the TSPA
dose calculations and is considered bounding.
In the EBS RTAbstraction, it is assumed that all stable radionuclide-bearing colloids will not be
subject to gravitational settling. Assuming that gravitational settling will not occur results in an
overestimation of the potential consequences of colloid-facilitated transport of radionuclides and
is considered bounding.
Confirmation Status: This assumption does not require confirmation because it is a bounding
assumption that reduces the potential effectiveness of the invert as a transport barrier.
Use in the Model: This assumption is used in Section 6.5.1.2.
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6.

MODEL DISCUSSION
L)

6.1

MODELING OBJECTIVE

The objective of the EBS RTAbstraction is to provide the conceptual model used to determine
the time-dependent flux of radionuclides from the EBS to the unsaturated zone in the TSPA. In
particular, this model is used to quantify such releases from a failed waste package and the
subsequent transport of those radionuclides through the EBS to the emplacement drift
wall/unsaturated zone interface. The basic time-dependent inputs to the EBS RTAbstraction in
TSPA calculations consist of the drift seepage influx, the environmental conditions in the drift
(temperature, relative humidity, and water chemistry), and the degradation state of the EBS
components. Outputs consist of the rates of radionuclide fluxes to the unsaturated zone as a
result of advective and diffusive transport, radionuclide solubility, retardation, the degree of
liquid saturation of the waste form and invert materials, and the impact of colloids on potential
radionuclide transport. The EBSRTAbstraction is implemented directly into the TSPA GoldSim
model to compute the release rates; details of the implementation are provided in Section 6.5.3.
6.1.1

U
)
L)

IL)
L)

c

Engineered Barrier System Components

The EBS consists of the emplacement drift, waste form, cladding, drip shield, the waste package
on an emplacement pallet, and an invert constructed with steel supports and filled between the
steel framework with crushed tuff (BSC 2005 [DIRS 173978], Table A-i). The EBS RT
Abstraction focuses on the drip shield, waste package, and invert. Each of the components of the
EBS is designed to act as a barrier to prevent or delay the mobilization and release of
radionuclides into the geologic environment (see Section 6.7 for a summary of barrier
capabilities). For example, the drip shield is designed to redirect any seepage that flows into the
drift away from the waste package. The invert supports the waste package and emplacement
pallet. It acts as a barrier to diffusive transport of radionuclides in liquids if the liquid saturation
in the crushed tuff is low. Figure 6.1-1 presents a typical cross-section of an emplacement drift
and the major components of the EBS.

L
C,

The drip shield is fabricated from titanium, a corrosion-resistant material to provide long-term
effectiveness. The waste package outer corrosion barrier is comprised of Alloy 22. The major
corrosive processes are stress corrosion cracking in the closure lid welds of the waste package,
localized corrosion in the waste package outer corrosion barrier, and general corrosion for both
the drip shield and waste package.
Once the drip shield fails (i.e., is initially breached), a portion of the total dripping flux can drip
onto the waste package. It is possible for breaches to occur at the gap between adjacent waste
packages. If breaches in the drip shield occur at the gap between two drip shield segments,
which happens to be above a gap between waste packages, the dripping flux would fall directly
to the invert, avoiding the waste package. The possibility that breaches in the drip shield can
occur over a gap, allowing liquid to bypass the waste package, is not considered in the EBS
RTAbstraction.

U
L

L
L
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Ground Support
(no barrier to flow)

1)2

Basket Materials
(Carbon Steel/Aluminum)
Waste Form

V(Spent Fuel, Glass)
Rockfall

,

,

Invert Structural
Framework
(Carbon Steel)
Emplacement Pallet
(Alloy-22/Stainless Steel)

-.

Invert Ballast
(Crushed Tuff Ballast)

Figure 6.1-1. Schematic Diagram of a Typical Emplacement Drift and the Major Components of the EBS
After the waste package fails (breached by corrosion, seismic damage, igneous intrusion, or early
failure mechanisms), a portion of the water that flows through the drip shield can enter the waste
package, mobilizing radionuclides in any degraded waste form, and transporting these
radionuclides into the unsaturated zone. Diffusion is the primary transport mechanism when the
flux into the waste package is small or zero, or if stress corrosion cracks are the only penetrations
through the waste package. Advective transport is important when the dripping flux occurs. In
this case, advective fluxes can pass through the breaches in the drip shield and waste package.
6.1.2

Scenario Classes for TSPA

A modeling case is a well-defined, connected sequence of features, events, and processes (FEPs)
that can be thought of as an outline of a possible future condition in the repository system.
Modeling cases can be designated as undisturbed, in which case the performance would be the
expected or nominal performance of the system. Or, modeling cases can be designated as
disturbed, if altered by disruptive events, such as human intrusion, or by natural phenomena,
such as volcanism or nuclear criticality. A scenario class is a set of related modeling cases that
share sufficient similarities to aggregate them usefully for the purposes of screening or analysis.
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The scenario classes included in TSPA are the nominal scenario class, igneous scenario class,
and seismic scenario class.
The three scenario classes are described briefly below. The EBS RTAbstraction applies to the
nominal scenario class. Further information on the Igneous Scenario Class may be found in
Atmospheric Dispersaland Deposition of Tephra from a Potential Volcanic Eruption at Yucca
Mountain, Nevada (BSC 2004 [DIRS 170026]) and Dike/Drift Interactions (BSC 2004
[DIRS 170028]). Further information on the Seismic Scenario Class may be found in Seismic
Consequence Abstraction (BSC 2005 [DIRS 173247]) and Characterize Framework for
Seismicity andStructuralDeformation at Yucca Mountain, Nevada (BSC 2004 [DIRS 168030]).
Nominal Scenario Class-The nominal scenario class for TSPA encompasses all of the FEPs
that are screened in, except for those FEPs related to igneous or seismic activity. This scenario
class therefore incorporates the important effects and system perturbations caused by climate
change and repository heating that are projected to occur over the 10,000-year
regulatory-compliance period. In addition, the nominal scenario class considers that the waste
packages and drip shields will be subject to EBS environments and will degrade with time until
they are breached and expose the waste forms to percolating groundwater. Then the waste forms
will degrade, releasing and mobilizing radionuclides that subsequently will be transported out of
the repository. Radionuclides released from the repository then will be transported to the
saturated zone by the groundwater percolating through the unsaturated zone below the
repository, and then transported to the accessible environment by water flowing in the
saturated zone.
The nominal scenario class is represented by two modeling cases. The first modeling case is for
those waste packages that degrade by corrosion (general corrosion, stress corrosion cracking, and
localized corrosion) under expected repository conditions. The second modeling case is for
those waste packages that fail early due to manufacturing and material defects and
pre-emplacement operations including improper heat treatment.

%

U

U
U

U

U
U
L_.
U
U
U
.
.

U
U
U.

Igneous Scenario Class-The igneous scenario class describes performance of the repository
system in the event of igneous activity that disrupts the repository and is represented by two
modeling cases: (1) igneous intrusion into the repository emplacement drifts that results in
release of radionuclides to the groundwater and (2) volcanic eruption through the repository
resulting in release of radionuclides to the atmosphere. Both modeling cases assume that the
igneous event consists of a magmatic penetration of the repository at some time after
permanent closure.
The igneous intrusion modeling case assumes that an igneous dike intersects drifts of the
repository and destroys drip shields and waste packages in those drifts intruded by magma,
exposing the waste forms to percolating water and mobilizing radionuclides. The released
radionuclides can then be transported out of the repository, and flow down through the
unsaturated zone to the saturated zone, and then be transported through the saturated zone flow
and transport system to the accessible environment. Radionuclide releases occur only as a result
of igneous interactions with EBS components and not as a result of drip shield or waste package
corrosion processes or early waste package failure.

U

U
L.
L
L
L
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The volcanic eruption modeling case assumes that the magma flow associated with a dike
intersects the repository and destroys a limited number of waste packages, transports waste from
the destroyed waste packages to the land surface through one or more eruptive conduits, and then
discharges tephra and entrained waste into the atmosphere and transports it downwind.
C.")
C )scenario

Seismic Scenario Class- The seismic scenario class describes performance of the repository
system in the event of seismic activity that could disrupt the repository system. The seismic
class represents the direct effects of vibratory ground motion and fault displacement
associated with seismic activity by considering the effects of the seismic hazards on drip shields,
waste packages, and cladding. The seismic scenario class also takes into account changes in
seepage, waste package degradation, and flow in the engineered barrier system that might be
associated with a seismic event. The conceptual models and abstractions for the mechanical
response of engineered barrier system components to seismic hazards are documented in Seismic
Consequence Abstraction (BSC 2005 [DIRS 173247]).
The seismic scenario class is represented by two modeling cases. The first modeling case
includes those waste packages that fail solely due to the ground motion damage associated with
the seismic event. Only stress corrosion cracks appear on the waste packages from ground
motion damage; these only allow diffusive transport of radionuclides. The presence of damaged
areas and possible stress corrosion cracks on the drip shields are excluded from the TSPA model
(Seismic Consequence Abstraction, BSC 2005 [DIRS 173247], Sections 6.5.4 and 6.3.6). The
primary cladding failure mechanism from vibratory ground motion is perforation due to
accelerations when a waste package impacts an emplacement pallet or when there is an
end-to-end impact between adjacent waste packages. The failed cladding fraction varies as a
function of peak ground velocity.
The second modeling case includes only those waste packages that fail due to fault displacement
damage. The drip shields over the waste packages that are damaged by fault displacement are
completely degraded. Therefore, this group of waste packages could also be potentially
damaged by crown seepage-induced localized corrosion after the seismic event has occurred.
The cladding is fully failed in this modeling case while the damage area from the fault
displacement on the waste package varies. The resulting damage is modeled as allowing flow
into the waste package (if seepage is present) and allowing advective and diffusive transport out
of the waste package.
6.2

L)

FEATURES, EVENTS, AND PROCESSES INCLUDED IN THE MODEL

The development of a comprehensive list of FEPs potentially relevant to postclosure
performance of the Yucca Mountain repository is an ongoing, iterative process based on
site-specific information, design, and regulations. The approach for developing an initial list of
FEPs, in support of TSPA-Site Recommendation (SR) (CRWMS M&O 2000 [DIRS 153246]),
was documented in The Development of Information Catalogued in REVOO of the YMP FEP
Database (Freeze et al. 2001 [DIRS 154365]). The initial features, events and processes (FEP)
list contained 328 FEPs, of which 176 were included in TSPA-SR models (CRWMS M&O 2000
[DIRS 153246], Tables B-9 through B-17). To support TSPA, the FEP list was re-evaluated in
accordance with The Enhanced Plan for Features, Events, and Processes (FEPs) at Yucca
Mountain (BSC 2002 [DIRS 158966], Section 3.2), resulting in the LA FEP list
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(DTN: MO0407SEPFEPLA.000 [DIRS 170760]). Table 6.2-1 provides a list of FEPs that are
included in TSPA models described in this model document, summarizes the details of their
implementation in TSPA, and provides specific references to sections within this document.
Screening arguments for both included and excluded FEPs are summarized in Engineered
BarrierSystem Features,Events, and Processes (BSC 2005 [DIRS 173781]). The following
excluded FEPs listed in the TWP (BSC 2005 [DIRS 173617], Table 1) as being associated with
this report are summarized in Engineered Barrier System Features, Events, and Processes
(BSC 2005 [DIRS 173781]) and are not addressed in this report:
*
*
*
*
*

2.1.06.05.OA 2.1.08.01.01B 2.1.08.14.OA 2.2.07.06.OA 2.2.07.21.OA -

Mechanical degradation of emplacement pallet
Effects of rapid influx into the repository
Condensation on underside of drip shield
Episodic/pulse release from repository
Drift shadow forms below repository.
Table 6.2-1.

FEP No.

Included FEPs for This Report

FEP NamelFEP Description

2.1.06.06.OA

Effects of drip shield on flow

2.1.08.04.OA

Condensation forms on roofs of drifts (drift-scale

Section Where Disposition
Is Described
6.3.2.4
6.5.1.1
6.3

cold traps)

2.1.08.04.08

Condensation forms at repository edges

6.3

(repository-scale cold traps)

2.1.08.05.OA

Flow through invert

2.1.08.06.OA

Capillary effects (wicking) in EBS

2.1.08.07.0A

Unsaturated flow in the EBS

2.1.09.05.OA

Sorption of dissolved radionuclides in EBS

6.3
6.5
6.3
6.5
6.3
6.5
6.3.4.2
6.5.1.2

U.
U.

U.
U_

6.5.3

2.1.09.08.OA

Diffusion of dissolved radionuclides in EBS

2.1.09.08.08
2.1.09.19.01

Advection of dissolved radionuclides in EBS
Advection of colloids in EBS

2.1.09.24.OA

Diffusion of colloids in EBS

2.1.11.09.OA
2.2.07.06.0B

Thermal effects on flow in the EBS
Long-term release of radionuclides from

6.3.1.2
6.3.4.1
6.5.1.2
6.5.3.1
6.3.1.2
6.3.4.4
6.5.1.2
6.5.3
6.3.4.4
6.5.1.2

L_

6.5.3

6.3.1.1
6

the repository

ANL-WIS-PA-000001 REV 02 ACN 01

L

6-5

July 2006

S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

EBS Radionuclide Transport Abstraction

6.3

BASE CASE CONCEPTUAL MODEL

6.3.1
6.3.1.1

Introduction and Overview
EBS Flow Abstraction

The primary source of inflow to the EBS is the dripping flux from the crown (roof) of the drift
and includes seepage flux and any condensation that may occur on the walls of the drift above
the drip shield. The seepage flux is driven by downward infiltration through the existing fracture
system at Yucca Mountain. The seepage flux is conceptualized to flow from discrete fractures
above the roof of the drift, falling vertically downward, and is represented in the TSPA model
through Abstraction of Drift Seepage (BSC 2004 [DIRS 169131]). Condensation on the drift
walls is represented in the TSPA model through the In-Drift Natural Convection and
Condensation Model (BSC 2004 [DIRS 164327]). A secondary source of inflow to the EBS is
imbibition into the invert crushed tuff particles from the surrounding UZ rock matrix. The
inflow from these sources can flow through the EBS along eight pathways, as shown in
Figure 6.3-1.

Flow through
Drip Shield

Diversion
around
Drip Shield

Flow through

Waste Package

Diversion around
Waste Package

Drip Shield1

Imbibition Flux
from Host Rock

Figure 6.3-1. Schematic of the Potential Flow Pathways in the EBS
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U

U
These pathways are time dependent, in the sense that total dripping flux, drip shield gaps, drip
shield penetrations, and waste package penetrations will vary with time and local conditions in
the repository.

U
U

U

The conceptual model for flow through the EBS includes three domains associated with
radionuclides: the waste form domain (composed of either fuel rods, HLW glass, or DSNF),
waste package corrosion products domain, and the invert domain. The waste form domain for
the codisposal packages is divided into two subdomains, HLW glass and DSNF, due to different
degradation characteristics of the waste form and associated transport parameters. The waste
form domain is conceptualized to have a concentric cylindrical geometry for volume
calculations, with one-dimensional flow. The waste form domain is part of the waste package
that contains fuel rods or glass logs and DSNF, which undergo alteration to form a rind. The
thickness of the rind changes as the degradation of the fuel rod or glass log continues; the DSNF
degrades almost instantaneously and the rind thickness remains fixed. The second domain
(corrosion products from degradation of steel internal components) fills the inside of a waste
package within the Alloy 22 outer corrosion barrier, so its thickness is uncertain and can be as
much as the radius of the waste package. The third domain (invert) is modeled as being in
intimate contact with the waste package and has a thickness of 0.597 m (see Section 6.5.3). This
is the average thickness of the invert, and appropriate for the one-dimensional transport
calculation. Because the presence of the emplacement pallet is ignored, water and radionuclides
pass directly from the waste package to the invert.

L

The waste form domain represents the source term for the TSPA. Source term abstractions are
defined in other model reports or design documents for radionuclide solubility (BSC 2005 [DIRS
174566]), HLW glass dissolution rate (BSC 2004 [DIRS 169988]), cladding response (BSC 2005
[DIRS 172895]), and inventory by waste package type (BSC 2004 [DIRS 169472], Table 11).
The source term represents input data or boundary conditions for the EBS RTAbstraction and is
not discussed in this document.

u

U
U

U

.)

The final output from the EBS RTAbstraction is the mass flux of radionuclides (kg yr-) from the
EBS into the unsaturated zone. The parameters and formulas for calculating the water fluxes in
the various pathways are summarized in Table 6.3-1.

L

L
L
L
L
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flux through the drip shield that can enter a waste package. The flux splitting algorithm is
important to TSPA because the liquid flux into the waste package determines in part the
transport of radionuclides by advection, an important release mechanism from the waste package
and from the repository.
Once the flux through the drip shield is known, the flux diverted around the drip shield, F3 , is
calculated using a quasi-static continuity of flow approach:
F3 = F, - F2 .

(Eq. 6.3.2.4-1)

Key features of the drip shield flux splitting algorithm include: (1) the dripping flux (seepage
plus condensation) into the drift falls as droplets from the top of the drift onto the crown of the
drip shield (Assumption 5.1); (2) droplets fall randomly along the length of the drip shield;
(3) only flow through general corrosion patches is considered; (4) evaporation from the drip
shield is neglected (Assumption 5.2); all of the seepage flux either flows through corrosion
patches or drains down the sides of the drip shield; and (5) all water that flows through breaches
in the drip shield flows onto or into the waste package.
Some aspects of the flux splitting algorithm have been defined or clarified by experiments. The
breached drip shield experiments (BSC 2003 [DIRS 163406]) were performed to validate the
drip shield flux splitting algorithm and to examine in more detail the real behavior of seepage
water impinging on and flowing over a drip shield. The tests were conducted by dripping water
onto a mock-up portion of a full-scale drip shield made of stainless steel. The mock-up section
included slightly more than half of the shield from the top/center down the curvature to the side.
The side was shortened along the longitudinal and vertical axes. Simulated corrosion
patches-square holes 27 cm wide, the size of nodes in an earlier version of the WAPDEG
corrosion model (CRWMS M&O 2000 [DIRS 151566], p. 36)-were cut into the drip shield at
various locations to enable measurements of flow through breaches in the drip shield. Tests were
performed with both smooth (machined stainless steel) and rough (silica anti-slip coating)
surfaces. Data from the tests on the smooth surface were used to develop parameter values for
the flux splitting submodel, whereas the rough surface test data were used to validate the
submodel. Tests were conducted in a test chamber in an environment that would minimize
evaporation (i.e., relative humidity of at least 80 percent). Water was dripped at various rates
intended to cover the expected range of seepage rates within the repository. The dripping
distance was the full-scale distance from the top of the drift to the crown of the drip
shield, 2.17 m (BSC 2003 [DIRS 163406], Figure 10), based on repository design.
The tests that were conducted included (BSC 2003 [DIRS 163406]): (1) splash radius tests to
determine the distance from the point of impact and a rough distribution of splattered water when
drops impinge on the surface of the drip shield; (2) spread factor tests to determine the lateral
rivulet spread distance from the drip impact point; (3) single patch splash tests to determine the
amount of water that enters targeted breaches as a result of splashing; (4) single patch flow tests
to determine the amount of water that flows down the surface of the drip shield and into patches;
(5) multiple patch tests to collect both splashed water and rivulet flows that entered all affected
patches; and (6) bounding flow rate tests to provide data for extreme drift seepage conditions to
compare with the nominal seepage rate.
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The factor fDs accounts for the uncertainty in the submodel and is a sampled parameter in TSPA
simulations. Sources of uncertainty include:
1.

Drip location with respect to the crown of the drip shield-Drops that fall to either
side of the crown will not divide exactly in half, as assumed by this submodel.

2.

Patch location-Patches located on the crown will allow the entire dripping flux to
pass through, whereas Equation 6.3.2.4-2 considers all patches to be located off the
crown. For a given value of fos, Equation 6.3.2.4-2 underestimates the flux into
crown patches because fDs <1, so F2 < F1 , i.e., not all of the total dripping flux can
flow through breaches. Since most of the randomly-located breaches occurring will
not be located on the drip shield crown, this is a reasonable approximation, but not a
bounding estimate of flow through drip shield breaches.

3.

Splattering distribution-Although splattering of drops when they impinge on the
drip shield is a random process, preferential directions or distributions could
develop, for example, due to surface alteration as a result of corrosion or drift
degradation (rockfall).

4.

Rivulet spread-The breached drip shield experiments showed that a range of rivulet
spread factors or spread angles can occur even on smooth surfaces. Surface roughness
also affects the rivulet spread angle. Precipitation of salts or accumulation of dust on
the drip shield surface could also affect rivulet flow.

5.

Interference among multiple patches-Implicit in this submodel is that the patches do
not interfere with each other, i.e., that no patch is lower on the drip shield surface than
another patch. Patches located below another patch will see reduced or zero flux
through the patch. By ignoring patch interference, water flux through the drip shield
will be overestimated.

6.

Patches outside the footprint of the waste package-Flux through these patches will
pass directly to the invert. Since the conceptual model requires that all flow through
the drip shield goes onto or into the waste package, Equation 6.3.2.4-2 will
overestimate that flow.

7.

Evaporation from the surface of the drip shield-Evaporation is neglected
(Assumption 5.2); if it occurs, the flux through the drip shield is less than predicted by
Equation 6.3.2.4-2.

8.

Size of corrosion patches-The WAPDEG model assumes a fixed size and shape for
all corrosion patches. In reality, the patches will vary widely in size and shape
randomly as well as over time.

Bounds and a distribution for fos must be established for use in TSPA calculations. Because,
under some of these uncertain conditions, the flux through the drip shield may be zero even
when breaches exist, an appropriate lower bound on fDs is zero. Under some other
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circumstances mentioned above, the entire seepage flux could flow through the drip shield.
Thus, an upper bound on fDs cannot be specified a priori,but should be given by:
1
(Eq. 6.3.2.4-3)

tana.J

NTe(

fDS=

4.))
which makes F2 = F,. Since the number of patches, Nb, varies over time, fDs should be a
function of time, with a starting value of zero and potentially reaching a value equal to the total
number of nodes in the WAPDEG corrosion model of the drip shield (BSC 2004
[DIRS 169996]). A uniform distribution is appropriate given that the uncertainty is difficult to
quantify. To ensure that the flux through the drip shield is not greater than the seepage flux, the
flux through the drip shield is computed as:

SF2= min ,
I

f I+

tanf/S
a

2).)F

LD

]

(Eq. 6.3.2.4-4)

The uncertainty in spread angle a can be lumped in with fDs since both would otherwise be
sampled independently. A lumped uncertainty factor fDs is defined as:

C[

f)
Dfs

(ltana f-5
)jDs,
21+
=

(Eq. 6.3.2.4-5)

with the flux through the drip shield to be computed as:

I2

F; =min

[,

f fs,F,.

LDS

(Eq. 6.3.2.4-6)

In Section 6.5.1.1.2.4, an upper bound on f~s is developed based on results of the breached drip
shield experiments, and is used in the TSPA model.

L

6.3.3 Water Flux through the Waste Package (F 4)
The conceptual model for the TSPA is based on the assumed presence of continuous flow paths
through the patches that penetrate the waste package. More specifically, in the TSPA conceptual
model, vertical flow of seepage into the waste package, through the waste form, and out of the
waste package is not impeded by the location of patches on the surface of the waste package. In
other words, there is no long-term build-up and retention of liquid within the waste package for
flow and transport. (An alternative conceptual model in which water fills the waste package
before any water flows out-the "bathtub" model-is evaluated in Section 6.4.1). There is also no
resistance to the flow through the waste form. The TSPA approach attempts to maximize the
immediate release and mobilization of radionuclides, while retaining as much realism as justified
by the data and understanding of the physical and chemical processes that take place.
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crack is taken to be the lid thickness. Figure 6.3-3 is a schematic diagram of the geometry of the
ellipsoidal cone crack.

L

U

U

2a

Figure 6.3-3. Schematic of the Dimensions for an Ellipsoidal Crack

A range of values of o-, the residual stress, and the maximum length 2a of a radial crack can be
estimated. The region of high residual stress is identified from finite-element simulations
(BSC 2004 [DIRS 172203], Section 6.4). The expected maximum length of a radial crack is
approximately two times the lid thickness (BSC 2004 [DIRS 172203], Section 6.5.1). For an
outer lid thickness of 25.4 mm (BSC 2004 [DIRS 167394]), the maximum crack length is
approximately 50 mm. Table 6.3-3 gives the calculated gap width, based on Equation 6.3.3.1-1
and typical residual stresses at the inner and outer surface of the lid for a 21-PWR waste package
(BSC 2004 [DIRS 172203], Table 6-9).
The cross-sectional area of the stress corrosion crack is important for transport by diffusion. The
bounding (largest) cross-sectional area is defined by conditions at the outer surface of
the 5-cm-long crack. The area of this ellipse is zzab, where 2a is 5 cm and b is one-half of the
larger gap width on the outer surface (in Table 6.3-3). The cross-sectional area of a single stress
corrosion crack is then 7(0.025 m)(9.8 x 10-5 m) or 7.7 x 10-6 M2 .
An updated analysis of stress corrosion cracking is given in Stress Corrosion Cracking of the
Drip Shield, the Waste Package Outer Barrier, and the Stainless Steel Structural Material
(BSC 2004 [DIRS 172203]). For the base conceptual model (BSC 2004 [DIRS 172203],
Appendix B, Table B-2), the estimated crack opening is smaller than the crack opening
of 7.7 x 10-6 m2 obtained in this section. Therefore, use of this value in TSPA calculations when
stress corrosion cracking occurs will overestimate the rate of release of radionuclides compared
with the updated values in (BSC 2004 [DIRS 172203]).
Table 6.3-3.

L.

Li

C

L
L

Calculated Gap Width for a Range of Residual Stresses at 400°F (Approximately 2001C) in
a 21-PWR Container

L
Parameter
Hoop stress, 0a (BSC 2004 [DIRS 172203], Table 6-9)

Inner Surface
231.1380 MPa

Gap width for crack length 2a = 50 mm

118 Pm

Outer Surface
385.0522 MPa
196 ptm

Advective flow into stress corrosion cracks is unlikely because the waste package is not oriented
in such a way that water can flow in. Dripping water is capable of contacting a stress corrosion
crack only if the waste package is tilted upward. A possible mechanism for tilting is
emplacement pallet collapse due to corrosion that causes one end of the waste package to fall off
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(BSC 2005 [DIRS 173944], Section 6.3) indicate that the available heat can evaporate incoming
water for several thousand years. However, although evaporation is expected to occur,
complexities in the internal geometry of the waste packages (particularly the response of any
water pooled at the bottom of the package and the potential presence of small conduits for water
vapor to escape through stress corrosion cracks) make it difficult to say definitively that all
incoming water is evaporated.
The expected evaporation in the waste package is ignored in the TSPA. This approach is
bounding because evaporation might eliminate advection as a transport mechanism. In addition,
by ignoring evaporation from a waste package, it becomes possible to specify a water saturation
of 1.0 (fully saturated) inside a failed waste package whenever dripping occurs. If evaporation
were accounted for, the water saturation inside a waste package would generally be less than 1.0,
which would reduce the amount of radionuclides that could dissolve in the water and be
advectively transported from the waste package. Lower water saturations would also reduce
estimates of diffusive releases, since both the diffusion coefficient and the cross-sectional area
for diffusion would be less. Thus, without these simplifying assumptions, the amount of
radionuclides transported from a waste package would be expected to be less.

L)

As a simplification, it is assumed that no radionuclide transport occurs when the temperature in
the waste package is above I100 0 C (Assumption 5.5), when a continuous film of water needed for
transport is not expected to exist.

U

6.3.3.2

U
C-

Water Flux through and around the Breached Waste Package (F4 and F5 )

The flux through (into and out of) the waste package, JF, is conceptualized to be the flux
through patches, which originates from the flux thorough the drip shield (F 2 ). Advective flux of
water through stress corrosion cracks is unlikely and therefore is neglected (Section 6.3.3.1.2. 1).
A quasi-steady state approach is used. The presence of a gap between adjacent waste packages
is neglected in the TSPA model. Dripping onto the waste package from condensation on the
underside of the drip shield is screened out (BSC 2005 [DIRS 173781], Section 6.2.43).

U

~-

9
~)
U

Li

U

u

9

A flux splitting algorithm analogous to the drip shield flux splitting algorithm (Section 6.3.2.4) is
developed here. The analogy is appropriate based on similarities in geometry and assumptions
regarding the source of liquid flux falling onto the waste package. The surface of the waste
package is a horizontal cylinder, as is the top of the drip shield, the primary difference that
impacts liquid flow on the curved surface being that the radius of curvature of the waste package
is smaller than that of the drip shield. Thus, flow behavior on the surface of the waste package
should be similar to that on the drip shield. In particular, if any water is available, it is expected
to flow over the surface of the waste package in rivulets rather than as film flow, based on
findings of the breached drip shield experiments (BSC 2003 [DIRS 163406]).
Whereas drip locations on the drip shield could reasonably be confined to the crown of the drip
shield (because the drift seepage flux will most likely originate from the crown of the drift), the
drip locations may be more widely dispersed on the waste package. This is the case for drips
that fall from breaches in the drip shield, which are randomly located on the drip shield. Since
breaches (mainly general corrosion patches) in the waste package are also randomly located, the
fraction of dripping flux falling on the waste package that flows into the waste package might be
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U
regions of the drip shield. Rivulets flowing from those drip locations may simulate more closely
the behavior on a surface having a smaller radius, such as a waste package. Because the waste
package has a smaller radius and more curvature than the drip shield surface, more of the surface
is sloped to such a degree that water will readily flow down it by gravity. Only a larger
cylindrical surface (the drip shield mock-up) was available on which to observe gravity flow
behavior. Observations away from the crown, where the slope is steep enough to initiate flow as
readily as on a more highly curved surface, are appropriate analogs to measurements on an actual
smaller cylinder. An analysis of drip shield experimental data for off-crown drip locations
(Section 6.5.1.1.3) gives a mean spread angle of 13.7' and a range from 5.5' to 22.00. In
analogy to fDs, an upper bound on flp can be obtained using the minimum rivulet spread angle
a of 5.5' and the known values for Nb;,,p (BSC 2004 [DIRS 169996]), 2e, , and LI5 ?:

U
U

U
L

L
U

U

U)

LI

1:

bVI

As with the drip shield, the term 1+ tan2'

FJNbVP eIJ,,

4~

(~

which is uncertain itself, can be factored in with

LIP to simplify the model, resulting in:
j~=rminF

(Eq. 6.3.3.2-2)

a

J~

F21

(Eq. 6.3.3.2-3)

LOT~ ) V

where
f,=Itana' f..
=I1+ta 2 )f

(Eq. 6.3.3.2-4)

L

is assigned a uniform distribution. In Section 6.5.1.1.3, an upper bound on fl' is developed

L

f

IT

based on results of the breached drip shield experiments. The range for f',, based entirely on
experimental results is used in TSPA.
Finally, the flux that is diverted around the waste package, F5 , is calculated using continuity of
the quasi-static flow around and into the waste package:
F5 = F2 - F4

6.3.3.3

(Eq. 6.3.3.2-5)

Condensation on the Drip Shield

L
L
I..,
_
L
L

Condensation of water on the underside of the drip shield is discussed in Engineered Barrier
System Features, Events, and Processes (BSC 2005 [DIRS 173781], Section 6.2.43, FEP
Number 2.1.08.14.OA). A review of the temperature profiles calculated using the results
described in In-Drift Natural Convection and CondensationModel (BSC 2004 [DIRS 164327],

L
L
L
L
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the corrosion products, sorption and desorption onto colloids, and colloid stability. The
concentrations in the invert domain depend on the radionuclide solubility limits, colloid stability
in the invert, the transfer of radionuclides between the corrosion products domain and the invert,
and the boundary concentrations at the invert-unsaturated zone interface. The boundary
condition at the unsaturated zone interface is implemented by defining multiple grid cells in the
unsaturated zone that provide a diffusive path length that is sufficiently long such that the
concentration at the outlet of the farthest cell from the drift wall can realistically be assigned a
value of zero (Section 6.5.3.6).
The emphasis in this EBS RTAbstraction is on transport of radionuclides through the EBS after
the radionuclides are mobilized. This abstraction does not define related elements of the TSPA,
such as corrosion processes, radionuclide solubility limits, waste form dissolution rates and
concentrations of colloidal particles, that are generally represented as boundary conditions or
input parameters for the EBS RT Abstraction. This abstraction provides the algorithms for
determining radionuclide transport in the EBS using the flow and radionuclide concentrations
determined by other elements of the TSPA.
6.3.4.1

Invert Diffusion Submodel

The TSPA model requires an abstraction for the effective diffusion coefficient in granular
materials as a function of radionuclide, porosity, saturation, temperature, and concentration.
This submodel is intended specifically to apply to the invert. The abstraction is as follows:
2
" Use the free water diffusion coefficient for self-diffusion of water, 2.299 x 10-5 cm s-1
(Mills 1973 [DIRS 133392], Table III), as a bounding value for all radionuclides
at 25'C.
" Modify the free water diffusion coefficient for the porosity and liquid saturation of the
invert. The modification for porosity and saturation is based on Archie's law and
experimental data for granular media, and is presented in Section 6.3.4.1.1.
" Further modify the diffusion coefficient for variation of the invert temperature using the
formulation in Section 6.3.4.1.2. The invert temperature is provided by the Multiscale
ThermohydrologicModel (BSC 2005 [DIRS 173944]).
" Ignore the increase in the diffusion coefficient with increasing ionic strength of
concentrated solutions (see Section 6.3.4.1.3). The maximum modification for a highly
concentrated solution of potassium iodide is a factor of 1.27. This factor is almost
within the bounding approximation inherent in using the self-diffusion coefficient for all
radionuclides. It is neglected for the TSPA.
6.3.4.1.1

Modification of Diffusion Coefficient for Porosity and Saturation of the Invert

The modified diffusion coefficient for a partly saturated porous medium can be estimated from
Archie's law and the relationship between electrical conductance and diffusivity in a liquid. This
relationship enables diffusion coefficients to be obtained from experimental measurements of the
electrical conductivity of samples of the porous medium. From these measurements, an
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L)

0 = volumetric moisture content (percent).
The slope of the X-Y relationship is found to be 1.863, leading to the following linear equation
for Yas a function of X:
Y = 1.863X
log1 0 (

Li
L

__D j = 1.863(1og., 0 -2),

(Eq. 6.3.4.1.1-20)

U

Lii
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1 863s1

0

86 3

LD

(Eq. 6.3.4.1.1-21)

= 0 L.863
(100)~ -

I

The statistical fit for the effective invert diffusion coefficient has uncertainty, which is
represented by the scatter of data points around the fit in Figure 6.3-4. This uncertainty is
approximated by a normal distribution for the residuals (data-model) in log-log space. This
normal distribution of residuals has a mean value of 0.033 and a standard deviation of 0.218.
The uncertainty can be incorporated into the statistical fit as an additional factor on the full
statistical fit.
DS,

863

sW863
'DO0
10

'

•ND(p
•33,rO218

(Eq. 6.3.4.1.1-22)

..
C.

.Li
where ND represents a normal distribution with a mean, p, of 0.033 and a standard deviation,
o; of 0.218. ND is in the exponent because the residuals are calculated in the log-log space of
the statistical fit. This statistical fit is the submodel for the invert diffusion coefficient to be used
for TSPA. Since the normal distribution is theoretically unbounded, unrealistic values for the
diffusion coefficient could potentially be obtained. To avoid this potential problem, the
implementation in TSPA will use a truncated normal distribution, limited to plus or minus three
standard deviations from the mean.
Figure 6.3-4 presents the statistical fit (solid line) and the upper and lower bounds (dashed lines)
at three standard deviations above and below the fit. The dashed lines encompass almost all the
data points, because ± 3 standard deviations includes 99.7 percent of the area under a normal
distribution. Equation 6.3.4.1.1-22, therefore, accurately represents the uncertainty in the
diffusivity data for the TSPA calculations.
Because the saturation exponent (1.863) is less than the generally accepted value (2), the fit to
the data provides less of a bounding estimate for the effective diffusion coefficient than if the
accepted value were used. However, the estimate using Equation 6.3.4.1.1-22 is realistic instead
of simply bounding the diffusion coefficient because it is developed from measured data rather
than using the general behavior of unconsolidated sand as its basis. Furthermore, being based on
a large number of measured data, the uncertainty in effective diffusion coefficient using
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Source: Conca And Wright 1992 [DIRS 100436], Figure 2; Conca et al. 1993 [DIRS 170709], Figure 2.
NOTE:

The dashed lines correspond to three standard deviations above and below the statistical fit to the data.

Figure 6.3-4. Uncertainty in the Statistical Fit for the Effective Diffusion Coefficient

For each realization of the TSPA calculations, the normal distribution is sampled, thereby
incorporating the uncertainty of the experimental data into the diffusivity.
6.3.4.1.2

Modification for Temperature

The diffusivity DT is proportional to absolute temperature and inversely proportional to
viscosity r/r; i.e., DT oc T/r/r (Cussler 1997 [DIRS 111468], p. 114). It follows that if the
diffusivity is known at some temperature To, the diffusivity at temperature T can be found by:
T
DT

TOl

DTO

77T

(Eq. 6.3.4.1.2-1)

77T,

where

DT

is the diffusion coefficient (mi2 s-1) at temperature T (K), DTO is the diffusion

coefficient (mi2 sl) at temperature To (K), r7T is the viscosity of water (Pa s) at temperature T
(K), and r/r is the viscosity of water (Pa s) at temperature To. The dependence of viscosity on
temperature T(K) (293.15 K < T• 373.15 K) is given by (Weast and Astle 1981 [DIRS 100833],
p. F-42):

ANL-WIS-PA-000001 REV 02 ACN 01

6-37

July 2006

EBS Radionuclide Transport Abstraction

6.3.4.1.3

Modification for Concentrated Aqueous Solutions%_

Data in Ainerican Institute of Physics Handbook (Gray 1972 [DIRS 138541 ], Table 2p-2) show
that the majority of the diffusion coefficients increase with increasing solution strength. ForU
example, the diffusion coefficient of sodium iodide increases from 1.616 in a dilute solution
to 1.992 for a 3 M solution and the coefficient for potassium iodide increases from 2.00 in a
dilute solution to 2.533 at 3.5 M. The percent increase for potassium iodide, 26.7 percent, is the
greatest of any in Gray's Table 2p-2, (Gray 1972 [DIRS 138541]) excluding HCI. HCI has been
excluded from consideration because, being volatile, it is not representative of the type of
radionuclides released from the waste package.

L)
L
L

Although the diffusion coefficients of aqueous solutions increase with increasing ionic strength,
the self-diffusion coefficient of water is still higher. Therefore, using the self-diffusion
coefficient for water is a bounding value for all radionuclides at a given temperature. The
modification for concentrated aqueous solutions is therefore neglected in the TSPA.
6.3.4.2

Retardation in the Engineered Barrier System

In this section, parameters are developed to enable the impact of sorption processes on
radionuclide transport through the EBS to be quantified. Transport through the EBS is affected
by the adsorption and desorption of radionuclides on the materials in the waste package andU
invert. Adsorption describes the uptake of a radionuclide by a solid surface when in contact with
a radionuclide-laden aqueous solution. This uptake typically occurs when a bond is formed by
surface sites that have a chemical affinity for the radionuclide. Progressive inflow of fluids withU
low radionuclide concentrations would thermodynamically favor desorption of the original
population of sorbed radionuclides back into solution, a process referred to as reversible
sorption. Fully reversible sorption and desorption of radionuclides is often described by a linear
isotherm, using a sorption distribution coefficient (Kd).C
Irreversible sorption refers to the tendency in natural systems for desorption to be incomplete. In
other words, the amount of sorbed contaminant available for desorption in natural systems is
typically less than the total sorbed mass due to chemical and physical processes occurring at orL
beneath the mineral surface. Irreversible sorption is described by a reaction rate coupled withL
some limit on the amount of sorption that is possible.
Sorption processes are referred to as adsorption if the process occurs on the surface or absorption
if the process occurs beneath the surface. Retardation in the EBS results from adsorption ofU
radionuclides on surfaces of corrosion product or tuff particles that comprise a porous bulk mass.
This section defines a conceptual model and parameters for transport through the degraded BBS,
including appropriate Kd values and a description of irreversible sorption of radionuclides. In
addition to adsorption of radionuclides, water is expected to adsorb on corrosion products inside
a breached, degraded waste package. This adsorbed water wvill provide a diffusive transport
pathway under conditions where no seepage occurs into the drift. This in-package diffusion
submodel is described in more detail in Section 6.3.4.3. Section 6.5.1.2 and Appendix B show
the mathematical incorporation of the Kd approach in the transport model.L
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water saturation in corrosion products, while goethite and HFO properties are used for modeling
corrosion product surface chemistry (specifically, irreversible sorption). Because the water
vapor adsorption isotherms (expressed as water layer thickness) for HFO and goethite are similar
to that of hematite (Section 6.3.4.3.1), the hematite isotherm (Jurinak 1964 [DIRS 154381],
p. 486) is representative of the mixed iron oxide assemblage and is used to compute the water
content in the corrosion products. The specific surface areas of HFO and goethite are generally
greater than that of hematite (Langmuir 1997 [DIRS 100051], Table 10.2), meaning that the
water content and the potential for radionuclide diffusion is greater at any given relative
humidity for ferrihydrite and goethite than for hematite. However, the diffusion rate is
dependent on the dissolved concentration of radionuclides in the corrosion products. The mass
of radionuclides in solution is given by the waste form degradation rate. Because the water
content or volume will tend to be less using hematite specific surface area rather than those of
goethite or HFO, the given mass of radionuclides will result in the radionuclide concentration
being higher for hematite corrosion products. Consequently, releases will be overestimated by
using hematite properties for water adsorption calculations.
6.3.4.2.2

Sorption Parameters for the Invert

In the invert, radionuclide sorption can potentially take place on the crushed tuff ballast material
and on products of corrosion of the metallic components such as steel support beams and copper
conductor bars. In the EBS RTAbstraction, sorption onto the crushed tuff is included so as to be
consistent with the model for sorption onto tuff in UZ transport (BSC 2004 [DIRS 164500],
Section 6.1.2.3). As a bounding approach, sorption of radionuclides on corrosion products in the
invert is ignored (Assumption 5.6).
6.3.4.2.2.1

Sorption onto Crushed Tuff in the Invert

Sorption onto the crushed tuff is included in the EBS transport abstraction. Kd values and
distributions for nine selected radionuclides
are presented
in Table 4.1-15
(DTN: LA0408AM831341.001 [DIRS 171584]); Kd values for sorption of carbon, iodine and
technetium on tuff are zero. The ranges of Kd values for sorption onto devitrified tuff are used
because the crushed tuff in the invert will be the same tuff that is removed when the drifts are
bored; most of the repository will be developed in the TSw33 through TSw36 stratigraphic units,
which are composed of devitrified tuff. The Kd values selected are summarized in Table 6.5-6.
Correlations of Kd values among various radionuclides for sorption on tuff are given by a
correlation matrix presented in Table 4.1-16. Invert Kd values are implemented in TSPA by first
computing unsaturated zone Kd values for devitrified tuff and then assigning those values to the
invert.
6.3.4.2.2.2

Sorption onto Corrosion Products in the Invert

Invert corrosion products will tend to be localized and widely spaced, with the possibility being
that seepage from the waste package could completely miss corrosion products in the invert. In
this case, even small Kd values could overestimate the amount of retardation of radionuclides in
the invert. Furthermore, invert corrosion products will have a smaller sorptive capacity than
waste package corrosion products simply because the masses of sorptive corrosion products in
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the invert are much less than in the waste packages. Therefore, as a bounding approach, sorption
of radionuclides on corrosion products in the invert is ignored (Assumption 5.6).
To compare with the mass of sorbing material in the waste packages, the mass of sorbing
material in the invert is estimated below using the data from Repository Subsurface
Emplacement Drifts Steel Invert Structure Sect. & Committed Materials (BSC 2004
[DIRS 169776], Committed Materials table). The iron content of the steel invert support beams,
stiffeners, base plates, gantry runway beams, runway beam cap plates, stub columns and top
plates, miscellaneous stiffener plates, and the gantry rails is included in this calculation. The iron
in the steel set ground support, the rock bolts, and the welded wire fabric steel has been ignored,
even though the corrosion products from these components may fall on the invert.
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Li
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As in Table 6.3-4 (Section 6.3.4.2.3.1), the mass of corrosion products is estimated by assuming
that iron converts to Fe 20 3 during the corrosion process. The mass of A 588 carbon steel per
unit length of drift in the invert is 893 kg m-n (BSC 2004 [DIRS 169776], Committed Materials
table), having an iron content of 859 kg m-1 (using an iron content of 96.16 percent for the
composition of A 588 steel; ASTM A 588/A 588M-01 [DIRS 162724], Table 1). The mass of
A 759 steel in the gantry rails is 134 kg m-' (BSC 2004 [DIRS 169776], Committed Materials
table), which has an iron content of 97.47 percent (ASTM A 759-00 [DIRS 159971]),
or 131 kg m-.
The total iron content of the invert is then 990 kg n-t , which converts
1
to 1,415 kg m- of Fe 20 3 . As a comparison, the average mass of Fe2 0 3 in the invert under a
21-PWR or 44-BWR waste package, having a nominal length of 5.02 m (BSC 2004
[DIRS 169472], Table 1), would be 7,100 kg, or approximately one-third the amount of iron
corrosion products inside a waste package (Table 6.3-4). Thus, while not negligible, the sorptive
capacity of the invert is small compared to that of the waste packages, and ignoring retardation
by corrosion products in the invert (Assumption 5.6) will overestimate radionuclide transport.
The impact of copper in the invert on retarding iodine and technetium is discussed here to
complete the analysis of neglecting retardation by corrosion products in the invert and thus
overestimating radionuclide transport. The amount of elemental copper in the drift is given by
the nominal weight of the solid copper conductor bar rail, 4.0 kg m-' (BSC 2001 [DIRS 154441],
Section 3.1.7), plus the copper in the communication cable, which is 50 percent by weight of the
total cable weight of 2.00 kg rn- (BSC 2001 [DIRS 154441], Sections 3.1.9 and 3.2.1.3). The
total weight of elemental copper per meter of drift is then [4.0 + (0.5)(2.00)] or a total
of 5.0 kg m-1 . These values are based on the nominal mass of elemental copper, rather than the
upper bound values, to avoid overestimating potential sorption on copper. The mass of
elemental copper is not explicitly represented in the TSPA model, but its presence when oxidized
is noted because of its role as a potential sorber for iodine and technetium.
The mass of copper is large relative to the mass of iodine and technetium. Using a waste
package length of 5.024 m for the CSNF waste package (BSC 2004 [DIRS 169472], Table 1),
there is nominally 25.1 kg (395 mol) of elemental copper in the invert per CSNF waste package.
This value (25.1 kg) can be compared to approximately 7.64 kg (77.2 mol) of technetium-99
and 1.75 kg (13.6 mol) of iodine-129 per CSNF waste package (DTN: SN0310T0505503.004
[DIRS 168761]). Thus, there is more elemental copper than iodine or technetium using a mass
or molar basis. Similarly, the 5 DHLW/DOE SNF - Short codisposal waste package has a length
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design changes for the 5 DHLW/DOE Short waste package (see Section 4.1.3, preceding
Table 4.1-18), the mass of iron in that waste package is larger using the current design (lED
800-IED-WISO-00601-000-00A, BSC 2005 [DIRS 173501], Table 7) than for the earlier design
version (BSC 2004 [DIRS 167207], Table 5). In addition, in the calculation of the corrosion
product mass (see Figure A-2), a mass of 1 kg for the Interface Ring for the 5 DHLW/DOE Short
waste package is erroneously used; the correct value is 44.6 kg. Lastly, the mass of the spread
ring was increased from 31.9 kg in the earlier design version (BSC 2004 [DIRS 167207],
Table 5) to 33.8 kg in the current design (BSC 2005 [DIRS 173501], Table 7). Using the
updated 5 DHLW/DOE Short waste package design data and correcting the Interface Ring mass
result in an increase in the estimated mass of corrosion products, from 14,230 kg (Table 6.3-4)
to 14,320 kg (updated, corrected value). The difference (0.6 percent) is negligible, so the earlier
estimate of 14,230 kg shown in Table 6.3-4 is suitable for TSPA calculations.
In a revision to the 21-PWR and 44-BWR waste package design (Anderson 2004
[DIRS 171637], BSC 2004 [DIRS 170710], BSC 2004 [DIRS 170838]), the Neutronit used for
the absorber plates is replaced with a nickel-chromium-molybdenum-gadolinium alloy, N06464
(ASTM B 932-04 [DIRS 168403]), denoted as Ni-Gd Alloy. The mass of Neutronit in
a 21-PWR waste package (2,120 kg; see Table 6.3-4) is replaced by 2400 kg of Ni-Gd Alloy.
The mass of Neutronit in a 44-BWR waste package (2,990 kg; see Table 6.3-4) is replaced
by 3,290 kg of Ni-Gd Alloy. Whereas Neutronit contains 66.06 percent iron (Ktigler 1991
[DIRS 155761], p. 15), N06464 contains a maximum of 1.0 percent iron (ASTM B 932-04
[DIRS 168403]). In the analysis summarized in Table 6.3-4, only the iron in the waste package
components contributes to the corrosion product mass that is used in water adsorption
calculations in the in-package diffusion submodel, Section 6.3.4.3. This corrosion product mass
also is used in the radionuclide sorption calculations. Using N06464 instead of Neutronit in
a 21-PWR waste package would reduce the total iron mass from 13,600 kg to 12,220 kg; the
equivalent mass of Fe 20 3 would be reduced from 19,440 kg to 17,470 kg, a reduction
of 10.1 percent. Using N06464 instead of Neutronit in a 44-BWR waste package would reduce
the total iron mass from 15,550 kg to 13,610 kg; the equivalent mass of Fe 20 3 would be reduced
from 22,240 kg to 19,460 kg, a reduction of 12.5 percent.
For purposes of TSPA calculations, iron and corrosion product mass estimates are based on the
earlier waste package design. For a 21-PWR waste package, the calculations use Revision OOC
of Design andEngineering,21-PWR Waste Package Configuration(BSC 2004 [DIRS 167394])
rather than Revision OOD (BSC 2004 [DIRS 170710]). For a 5 DHLW/DOE Short waste
package, the calculations use Revision 00B of D&E/PA/C lED Typical Waste Package
C'omponents Assembly (BSC 2004 [DIRS 167207], Table 5), instead of Revision OOC (BSC 2004
[DIRS 169472], Table 5). The estimated masses of corrosion products in 44-BWR and Naval
Long waste packages shown in Table 6.3-4 are not used directly in TSPA calculations.
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LI
a 21-PWR, 21,640 kg FeOOH vs. 19,440 kg Fe 20 3 ; for a 5 DHLW/DOE Short, 15,940 kg
FeOOH vs. 14,320 kg Fe 20 3). The increase is obtained from the percentage change from the
molecular weight of hematite (0.15969 kg mol-F) to that of goethite or HFO (both having the
chemical formula FeOOH with molecular weight of 0.08885 kg mol-'), accounting for
stoichiometry: 100 x [(2 mol FeOOH/mol Fe2 0 3) x (0.08885)/(0.15969) - 1] = 11.3%. This
increase in mass of corrosion products is approximately the same as the 10 to 12% decrease in
corrosion product mass resulting from using the current waste package design instead of the
previous design. Thus, using hematite as corrosion products together with the iron content of the
previous waste package design approximately offsets treating corrosion products as goethite and
HFO with the current waste package design.
6.3.4.2.3.2

Irreversible Sorption onto Waste Package Corrosion Products
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Irreversible sorption of a limited number of radionuclides (Pu and Am only) is allowed to take
place in recognition of field and laboratory observations that this process does occur.
Uncertainty is accounted for by specifying a range and distribution for parameters governing the
irreversible sorption model.
Recent reviews of field and laboratory measurements indicate that the fraction of sorbed
plutonium that is available for desorption rarely exceeds

L

I percent (Brady et al. 1999

[DIRS 154421], Appendix F, pp. 141 to 142; Davis and Kent 1990 [DIRS 143280]; see also
Section 6.3.4.2). Observations of this sort have led to the concept that most of the plutonium
sorbed onto soil materials and particularly iron oxyhydroxides is irreversibly attached.
Recognition of the strong role of "irreversible sorption" is implicit in models for watershed
transport (Graf 1994 [DIRS 154419]) that focus solely on particulate transport. At the Rocky
Flats site in Colorado, soil plutonium is largely associated with the negatively charged organic
macromolecular fraction and not with the more abundant iron oxides and clays (Santschi et al.
2002 [DIRS 170923]; Ibrahim and Salazar 2000 [DIRS 170882]). Litaor and Ibrahim (1996
[DIRS 161667]) used 0.01 M CaCI2 as an extractant and measured plutonium in Rocky Flats soil
to be 0.04 to 0.08 percent exchangeable. Transport of minute quantities of colloidal plutonium
(10-14 M) over hundreds of meters was observed at the Nevada Test Site (Kersting et al. 1999
[DIRS 103282]), although the presence of organics may limit the relevance of these data to
Yucca Mountain. Laboratory experiments of plutonium sorption onto iron oxide colloids have
shown that approximately 1 percent of the initially sorbed plutonium can be desorbed into
solution over a period of several months (Lu et al. 2000 [DIRS 166315]; BSC 2004
[DIRS 170025], Section 6.3.3.2), which is broadly consistent with field observations, although
much shorter in time scale. However, because the time scales for all of these observations are
much shorter than the regulatory time period for repository performance (10,000 years),
parameters describing irreversible sorption of plutonium in TSPA calculations have a
large uncertainty.
Although the field studies describe contaminant plumes that appear to be up to 50 years old,
these occurrences of plutonium have not been studied, nor data collected, during that period. In
addition, the mechanism(s) of attachment have not been addressed in these studies. Possible
mechanisms of plutonium sorption and desorption are described in Section 6.6.7. In that section
an alternative conceptual model is presented that incorporates a two-site model of iron
oxyhydroxide substrates, based on published studies, that is supported by the data from Lu et al.

L

L
L

L
L
L
L
L
L_
L
L
L
L

ANL-WIS-PA-000001

REV 02 ACNO01

6-49

July 2006

L2

L
L-

EBS Radionuclide Transport Abstraction

(2000 [DIRS 166315]). A plausible mechanism for the strong sorption of plutonium is described
in Section 6.6.7 based on the reduction of Pu(V) to Pu(IV) at the surface of the iron
oxyhydroxide substrates. However, it is not known if this process explains strong sorption of
plutonium over long periods of time. In any case, neither this mechanism nor any other has been
invoked to explain the field occurrences of plutonium nor, until recently, the laboratory data
(Lu et al. 2000 [DIRS 166315]) that suggest slow desorption.
Effectively irreversible uptake may be the dominant control over contaminant transport in soils.
Evidence for soil sequestering of bomb-pulse plutonium and americium and of uranium, iodine,
technetium, cesium, and strontium from ore processing and reactor operations has been
documented in the literature (Coughtrey et al. 1983 [DIRS 132164]). Pu and Am sorb more
strongly than the others listed (see BSC 2004 [DIRS 170025], Section 6.3.3.1).
Estimates of the mean fraction of irreversible sorption for various radionuclides on soil are
derived in Site Screening and Technical Guidancefor MonitoredNaturalAttenuation at DOE
Sites (Brady et al. 1999 [DIRS 154421], Appendix F, pp. 141 to 142). The value of the
irreversible fraction for the EBS will differ from that for soils and will depend on the material
that the specific radionuclide encounters, the speciation of the radionuclide, and other factors in
the material and chemical environment. For the TSPA model, irreversible sorption of Pu and
Am is included, with appropriate fractions of the total mass adsorbed being based on field
observations. The implementation of the irreversible radionuclide sorption component of the
EBS transport model is described in Section 6.5.3.4.
For the irreversible sorption submodel, the composition of the iron oxyhydroxide corrosion
products is modeled as goethite, ranging from 45 - 80 percent, with the balance being HFO
(Section 6.3.4.2.1). The goethite and HFO content has a uniform distribution. Justification for
these composition ranges is as follows.
Ferrihydrite will convert to the more stable phase goethite under repository conditions so the
latter will most likely be the dominant phase after long periods of time. Under controlled
laboratory conditions, this conversion occurs rapidly, with time frames on the order of days to
even months depending on temperatures and solution composition. A study by Hamzaoui et al.
(2002 [DIRS 173866]), for example, on the transformation of ferrihydrite to goethite at alkaline
conditions for a given range of temperatures indicates that full conversion will occur in a period
of about 80 hours at pH 11 and about 20 hours at pH 12.2 and a temperature of 40'C. A similar
result at pH 12.2 was obtained by Cornell and Giovanoli (1988 [DIRS 173864]) but at a
temperature of 70'C, where full conversion to goethite was obtained in about 24 hours.
Hamzaoui et al. (2002 [DIRS 173866]) also show that transformation rates increases with
increasing pH. The studies by Cornell and Giovanoli (1988) and Cornell et al. (1989
[DIRS 173865]) indicate that the presence of some metals in solution and organics tends to
retard the transformation of HFO to more crystalline phases. Slower rates are expected at
ambient temperatures and near-neutral pH conditions.
Schwertmann et al. (2000
[DIRS 173863]) studied long-term transformation of ferrihydrite to more crystalline
oxyhydroxides at pH 4-7 and 25°C. Their results show that the presence of other metals in soils,
such as Al, can slow down the conversion process. Even at low metal concentration, the full
transformation process can be on the order of many months. However, whereas laboratory data
show fast conversion rates from ferrihydrite to goethite, field-type corrosion experiments under
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consistent with that adopted for HFO (Fe 20 3 .H20) along with the conversion factor of 89 g
HFO/mol Fe by Dzombak and Morel (1990 [DIRS 105483]). Therefore, the adopted chemical
formula for ferrihydrite/HFO in this analysis is FeO(OH), which is equivalent to that of goethite.
Adoption of this chemical composition is consistent with that used in the HFO sorption analysis
presented by Dzombak and Morel (1990 [DIRS 105483]). The close correspondence of the
adopted chemical formula for ferrihydrite/HFO when compared to the range of reported
compositions given above for ferrihydrite (Cornell and Schwertmann 2003) supports the use of
this chemical formula in this report.
The sorptive capacity of the corrosion products is directly proportional to the surface area of the
solids. Data for the specific surface area of goethite and HFO are compiled in Table 4.1-10 and
qualified for use in TSPA in Section 4.1.2. These data provide a range of values to be sampled
in TSPA for both goethite and HFO. The data in Table 4.1-10 are used to develop a discrete
distribution, shown in Table 6.3-6. To calculate the discrete probability distribution, the data in
Table 4.1-10 were first sorted into ascending order. Multiple occurrences of the same number
were removed from the sorted data list, but their occurrence frequency was assigned for
probability calculation. The probability levels were calculated by dividing the frequency of the
each data number by the total number of original data points in the data list. The specific surface
area of HFO is given by a single value, 600 m 2 g-1 (Dzombak and Morel 1990 [DIRS 105483],
Table 5.3; Hofmann et al. 2005 [DIRS 173711], Table 2).
Irreversible sorption of radionuclides occurs only on specific sites on the surface of corrosion
product particles. The number of sites per unit area of surface, or site density (typically in units
of sites nm-2), determines the total quantity of radionuclides that can be adsorbed. Site density
data for goethite and HFO are compiled in Table 4.1-10 and qualified for use in TSPA in Section
4.1.2. Site density data for goethite in Table 4.1-10 in units other than sites nm"2 are converted to
sites nm"2 in Table 6.3-4a.These data provide a range of values to be sampled in TSPA for both
goethite and HFO. The data in Table 4.1-10 are used to develop discrete distributions, shown in
Table 6.3-6, by applying the same technique used for goethite specific surface area.
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(Table 4.1-12) and Sot,,,i (Table 4.1-13) are high-affinity and total sites, respectively.
This operation is done for each value of Soa, listed in Table 4.1-13 (see
DTN: SN0508T0503305.003, Spreadsheet 'sorption data.xls', Worksheet 'HFO % of high
affinity sites'). That is, Sf is calculated using the set of values listed in Table 4.1-12 for each
value of given in Table 4.1-13. For example, the range of values in Table 4.1-12 are all divided
by a total site density of 0.2 (see Table 6-3.5) and the operation is repeated for the subsequent
total site density in Table 4.1-13.
where

SIIA

The objective of this approach is to capture an all-encompassing range of percentage of highaffinity sites for the given bounds of total site densities for HFO tabulated by Dzombak and
Morel (1990 [DIRS 105483]). This approach reduces bias in the eventual sampling range of
high-affinity site densities for a given set of total site density values. The percentage of
high-affinity sites for HFO are listed in Table 6.3-5.
The percentage of high-affinity data are used to develop discrete distributions for goethite and
HFO for sampling in TSPA by applying the same technique used for goethite specific surface
area and site densities; the distributions are shown in Table 6.3-6.
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The values currently used in TSPA for goethite and HFO specific surface area, site density, and
high-affinity site percentages, and the discrete distributions for these parameters, are based on
preliminary DTN: SN0503T0503305.001. Four data values in this DTN are incorrect. In
addition, the data currently used in preliminary DTN: SN0503T0503305.001 contain up to 15
significant digits, whereas the source data in Tables 4.1-10, 4.1-11, and 4.1-12 are accurate to
one to three digits. The parameter values for the discrete distributions in Table 6.3-6 are given to
three significant digits, while the probability levels are reported to five decimal places. Details
of the data errors and the discrete distributions currently used in TSPA are described
in Appendix J.
The capacity (in moles of high-affinity sites per gram of corrosion products) for irreversible
sorption on stationary corrosion products is computed based on these four parameters, combining
the capacity of goethite and HFO:
-A

[Co'so + (-

COQ ,IFOI [wGNs.G + (1 - COG)NSHFO I [CoGAMG + (I-
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(Eq. 6.3.4.2.3.2-2)
where:
o0G
s7G
s-nFo
Ns
50

= mass fraction of corrosion products as goethite (dimensionless)
= specific surface area of goethite (m2 g-1)
= specific surface area of HFO (m 2 g-)
= sorption site density for goethite (sites nm' 2)

L

NS, IFO =sorption site density for HFO (sites nm- 2)
fHA,G

= percentage of high-affinity sites for goethite (percent)

fHAJFo

= percentage of high-affinity sites for HFO (percent)

NA

= Avogadro's number (sites mol-F).

C.
L

The factor of 1016 includes a conversion factor from nm 2 to M 2 and from percentage of
high-affinity sites to fraction of high-affinity sites.

L

Table 6.3-6 shows discrete probabilities for various values of several parameters. The sum of
these parameters is 1.0, and the cumulative sum at any parameter value is the cumulative
(probability) distribution function, CDF.

L
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From the parameter values given in Table 6.3-6, the sorption capacity of corrosion products
ranges from 3.90 x 10-6 mol g-i to 2.18 x 10-3 mol g-1. To put these values into perspective, the
amount of radionuclides capable of being irreversibly sorbed can be estimated for a 21-PWR.
The inventory of Pu and Am and their isotopes is 83.6 kg per CSNF waste package
(DTN: SN0310T0505503.004 [DIRS 168761]).
Using an approximate atomic weight
of 240 g mol-r (to represent various Pu and Am isotopes), this inventory of Pu and Am in a
fully-degraded 21-PWR containing 19,440 kg corrosion products (as Fe 20 3 , from Table 6.3-4)
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internal components within the waste package outer corrosion barrier, where the solids consist of
the fuel rods and Fe 2 0 3, is I - (3.710 + 1.513)/9.622 = 0.46.
Another approach to estimating the waste package porosity in a fully degraded state includes the
nonferrous constituents of the steel components, which are not included in the 19,440 kg of
Fe2 0 3 corrosion products in a 21-PWR in Table 6.3-4. The mass of these constituents in
a 21-PWR is 4,920 kg (from Table 6.3-4). As seen in Table 4.1-14, the bulk of the nonferrous
constituents is chromium and nickel, which comprise 18 percent and 14 percent, respectively,
of 316 stainless steel (DTN: M00003RIB00076.000 [DIRS 153044]), so the nonferrous portion
can be approximately considered to be composed of just these two metals, proportioned
as 56 weight percent Cr and 44 weight percent Ni. These metals will corrode to form Cr 20 3,
having a density of 5,220 kg/m 3 (Lide 2000 [DIRS 162229], p. 4-54) and a molecular weight
of 0.151990 kVmol (Lide 2000 [DIRS 162229], p. 4-54), and NiO, having a density
of 6,720 kg/m (Lide 2000 [DIRS 162229], p. 4-75) and a molecular weight of 0.074692 kg/mol
(Lide 2000 [DIRS 162229], p. 4-75).
These two metals, when fully oxidized, will
occupy 1.181 mi3 of volume within the outer corrosion barrier. Then the bulk porosity
of the fully degraded internal components within the waste package outer corrosion
barrier, where the solids consist of the fuel rods, Fe2 0 3, Cr 20 3 , and NiO, is:
1 - (3.710 + 1.513 + 1.181)/9.622 = 0.33. The porosity of corrosion products themselves, Fe 20 3,
Cr2 0 3, and NiO distributed among the fuel rods, is: 1 - (3.710 + 1.181)/8.109 = 0.40.
The various approaches in this section to estimating the bulk porosity of waste package corrosion
products result in porosities ranging from 0.33 to 0.54. For comparison, the porosity of
unconsolidated geologic materials ranges from 0.25 to 0.70 (Freeze and Cherry 1979
[DIRS 101173], Table 2.4).
Lamination and flaking of corrosion products is expected to redistribute this material within the
waste package pore space (Knight 1982 [DIRS 106733], p. 50), rather than leave it uniformly
distributed throughout the waste package void volume. If the oxide settles to the bottom of a
waste package, the physical geometry of the granular iron oxide that has settled can be
represented by that of tightly packed sand, which has a solid content of 58 percent (Brown and
Richards 1970 [DIRS 131479], Table 2.2), or a porosity of 0.42 (CRWMS M&O 1997
[DIRS 102824], p. 29). This value (0.42) for corrosion products porosity within a waste package
has been used in criticality studies (CRWMS M&O 1997 [DIRS 102824], p. 29) and in an
independent performance assessment of the Yucca Mountain repository (EPRI 2000
[DIRS 154149], p. 6-21 to 6-22). A porosity of 0.4 has been used in other criticality studies
(YMP 1998 [DIRS 104441], p. C-23 to C-25) and in a model of diffusive releases from breached
waste packages (Lee et al. 1996 [DIRS 100913], p. 5-67). Although some uncertainty exists and
small-scale variability is likely, for the waste package as a whole, a fixed value of 0.4 is used for
the porosity of corrosion products in TSPA.
The calculations just discussed do not account for water adsorbed on the spent fuel itself because
this water constitutes the "rind" water (i.e., water in the conceptual waste form domain). The
rind water does not directly affect diffusion to the exterior of the waste package because the fuel
is the source, rather than part of the corrosion products that comprise the diffusive path to
the exterior.
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The surface area inside a waste package can be computed as a function of time, if the
degradation rates of the basket components and the stainless steel inner vessel are known. The
calculation is complicated by the different compositions of each component of the waste
package. Spatial variability in degradation rates due to variations in accessibility to water vapor
further complicate the picture. However, an average corrosion rate for a 21 -PWR waste package
provides a reasonable approximation from which surface areas and quantities of adsorbed water
can be computed.
The complete degradation of a 21-PWR waste package gives an estimated upper bound on the
surface area available for adsorption. The total amount of Fe 2 0 3 in a 21-PWR waste package
(from Table 6.3-4) is 19,440 kg Fe 20 3. Using a specific surface area of 9.1 m2 g-' for the oxide
(Jurinak 1964 [DIRS 154381], p. 480), the estimated upper bound for total surface area for
adsorption in a 21-PWR waste package is 1.8 x 108 m2/package.
The corrosion rates for the two types of steel are known with some uncertainty, as shown by the
data
presented
in Table 4.1-1
for carbon steel
and for
stainless
steel
(DTN: MO0409SPAACRWP.000 [DIRS 172059]). The data set used is for corrosion rates at
60'C in simulated dilute well J-13 water. The average corrosion rate for carbon steel is
77.43 gim yrl, with a standard deviation of 8.83 gm yfr- (DTN: MO0409SPAACRWP.000
[DIRS 172059]).
An empirical cumulative distribution function developed in
DTN: MO0409SPAACRWP.000 [DIRS 172059] is used for parameter CSCorrosionRate to
be sampled in TSPA. The TSPA implementation in GoldSim requires that the cumulative
distribution functions (CDFs) cover the entire range of probabilities of 0.0 to 1.0. To
accommodate this, another row for the zero-th percentile is added using a corrosion rate that is
slightly lower than the minimum in the empirical cumulative distribution function (ECDF); this
row is 65.76 gim yrf- and zero probability.
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The mean corrosion rate for Stainless Steel Type 316L is 0.248 Pm yr-, with a standard
deviation of 0.146 gim yr- (DTN: MO0409SPAACRWP.000 [DIRS 172059]). The data set
used is for corrosion rates in fresh water for the temperature range of 50'C to 100°C. An ECDF
developed in DTN: MO0409SPAACRWP.000 [DIRS 172059] is used for parameter
SSCorrosionRate to be sampled in TSPA. As with carbon steel, the TSPA implementation in
GoldSim requires that the CDFs cover the entire range of probabilities of 0.0 to 1.0. To
accommodate this, another row for the zero-th percentile is added using a corrosion rate that is
slightly lower than the minimum in the ECDF; this row is 0.03699 gim yri- and zero probability.
From these rates and the thicknesses of the steel components, the lifetime of each type of steel is
computed. From Table 6.3-4 above, carbon steel comprises about one-third of the total mass of
steel in a CSNF waste package (30 percent in a 21-PWR; 33 percent in a 44-BWR). Based on
this fraction, the surface area is interpolated over time. The implementation of this interpolation
scheme in TSPA is presented in Section 6.5.3.2.
Although this interpolation provides a reasonable means for approximating the surface area of
the interior of a waste package over time as it degrades, there is still uncertainty as to the actual
surface area. The corrosion rates themselves are uncertain. In addition, many factors affect the
surface area of the corrosion products. The chemical and physical conditions under which
corrosion takes place impacts the morphology of the corrosion products. Seismic occurrences

L
L

C

L
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The effective diffusion coefficient, D,, as defined and used in this section, implicitly includes the
effects of tortuosity. The area used for TSPA calculations depends on the scenario class and is
presented in Section 6.5.3.1. The length of the diffusive path is also variable because the
radionuclide sources may develop at random locations within a waste package, and the path
length will depend on the geometry of the film connecting the source to a breach. Finally, the
effective diffusion coefficient itself depends on the complex interactions of source term
composition, water chemistry, porosity, water saturation, and temperature, none of which can be
characterized in a deterministic fashion. Thus, each term in the above equation-A, Ax, and
parameters affecting D, and S,--needs to be sampled or specified for each modeling case, and
a reasonable range and distribution for each has to be determined. All terms are interrelated
through the geometry used for the waste package interior, and all are effectively a function of
relative humidity and time.
In CSNF waste packages, the water saturation in the corrosion products is set to 1.0 in a seep
environment. In a no-seep environment, the effective water saturation in the corrosion products
in CSNF waste packages results from adsorbed water, as described in the rest of this section. In
CDSP waste packages, the water saturation in the corrosion products is set to 1.0 in both a seep
and no-seep environment.
Archie's law, discussed in Section 6.3.4.1.1, gives the diffusion coefficient as a function of
porosity and saturation in a partly saturated, granular medium as:
S.,. =D0

(Eq. 6.3.4.3.5-2)

Sw

where Do is the free water diffusion coefficient (in2 s-1). The diffusion coefficient D, again is an
effective value that implicitly includes the effect of tortuosity in a porous medium. The
exponents in Archie's law are typical values, and will vary for different materials (Bear 1988
[DIRS 101379], p. 116). Whereas exponents of 1.863 are used for invert materials, based on
experimental measurements of diffusion coefficients for crushed rock, the typical values
(1.3 and 2) are used throughout this section to estimate in-package diffusion coefficients for
corrosion products.
The effective water saturation within the corrosion products, S,,.,,, can be obtained as a
function of RH by dividing the water volume by the pore volume of the corrosion products. The
water volume is given by the adsorbed water film thickness multiplied by the surface area
covered by water. The film thickness is tfOa, where tf is the thickness of a water monolayer
(Equation 6.3.4.3.2-6), and 0,, is the number of monolayers of coverage, a function of RH. The
porosity of corrosion products is Ocp.
(M 2

The surface area of the corrosion products

Fe 2 0 3), given by:

SCP = I7cpYcp

=
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may have reversibly sorbed radionuclides. The waste form colloids may have irreversibly
attached (embedded) or reversibly attached (sorbed) radionuclides. The corrosion products
colloids may have irreversibly attached (strongly sorbed) or reversibly attached (weakly sorbed)
radionuclides. The stability and mass concentrations of colloids are functions of the ionic
strength and pH of the groundwater or local liquid chemistry in the waste package and invert.
Both groundwater and waste form colloids are modeled using smectite mineralogy, and therefore
sorption distribution coefficients (Kd) values associated with radionuclide sorption onto smectite
colloids are used in the TSPA model (BSC 2004 [DIRS 170025], Table 6-6). The Kd values for
colloids used in the TSPA calculations are presented in Table 6.3-11.

U
L

The potential mass of radionuclides irreversibly attached (embedded) to the waste form colloids
(BSC 2004 [DIRS 170025], Section 6.3.3.3) is determined from reactions within the waste
package. The mass of radionuclides reversibly attached to all three types of colloids is
determined primarily by three parameters:

L

U

L
L)

L
L

U

* Mass concentration of dissolved (aqueous) radionuclide in the liquid
" Mass concentration of colloid material in the liquid
* Radionuclide distribution coefficient (Kd) of a specific radionuclide on a specific colloid
mineralogical type.
The potential concentrations of colloids in the drifts and EBS have also been assessed
(BSC 2004 [DIRS 170025]). In a DOE-funded research project at the University of Nevada at
Las Vegas to evaluate the corrosion of scaled-down miniature waste packages, the data indicate a
preponderance of amorphous corrosion products released as colloids, including magnetite
(Fe3 0 4), lepidocrocite (FeOOH), and goethite (FeOOH) (DTN: MO0302UCC034JC.003
[DIRS 162871]; BSC 2004 [DIRS 170025], Section 6.3.1.3).
Colloidal transport of radionuclides occurs by advective and diffusive processes. Advective
transport moves colloids (and the associated radionuclides) at approximately the same velocity as
the liquid flux through the EBS. Longitudinal dispersion, which could potentially enable
colloids to travel faster than the bulk average liquid velocity, is ignored because of the short
travel distance through the EBS (see Section 6.3.1.2). Diffusive transport moves colloids due to
the concentration gradient and the medium diffusive properties. In the absence of a rigorous
theory of solute diffusion in liquids, order of magnitude estimates may be made on the basis of
hydrodynamic theory. Based on the Stokes-Einstein equation (Bird et al. 1960 [DIRS 103524],
p. 514, Equation 16.5-4), the diffusivity of a solute in a liquid is inversely proportional to the
radius of the diffusing particles.

L
L

Rates of diffusion of colloidal particles can be estimated by scaling those experimentally
determined free water diffusion coefficients for dissolved actinides to dissolved colloidal
materials on the basis of size (Stokes-Einstein relationship) as follows:

L
L

(Eq. 6.3.4.4-1)

L

D coH= Dionl04

o

,

-

-

Sr0o1
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Table 6.3-11. Sorption Distribution Coefficient (Kd) Values and Interval Probabilities Used for Reversible
Radionuclide Sorption on Colloids in TSPA Calculations

Radionuclide

Colloid

KdValue Range
(ml
g1.-1)

Pu

Iron Oxyhydroxide

104 to 106

KdValue Intervals
(ml g-)
<1 x 104
1 x 104 to 5 x 104
5
5 x 104 to 1 x 10
5
5
1 x 10 to5x 10

0
0.15
0.2
0.5

>1 x106

0

5 x 10'to 1 x 106
Smectite

101 to 106

< 1 x 103
1x 103 to
5 x 103 to
1 x 104 to
4
5x 10 to

5 x 103

1 x 104
5 x 104
5
1 x 10

Iron Oxyhydroxide

___________>

Smectite

105 to 107

104 to 107

< 1 x 105
1 x 105 to5x
5x 10 5 to 1 x
1 X 106 to 5 x
5 x 106to 1 x

0
0.15
0.2
0.55
0.1

105

106
106
107
7

< 1 x 104
4
1 X 10 to

101 to 103

104

>1 xlO7

0.07
0.1
0.23
0.2
0.32
0.08
0

< 1 x 101
1
i x 101 to 5 x 10

0
0.13

5 x 101 to 1 x 102
1 X 102 to 5 x 102

3

5 x 102 to x1O
10
102 to 104

0.22
0.55
0.1

3

0

< 1 x 102
1 x 102to 5 x 102
5x 102to IX 103
3
1 x 103 to 5 x 104
3
5 x 10 to Ix 10

0

>1 x10

0

>1

Smectite

0.
0

5x

5 x 105to 1 x 106
6
1 x 1066 to 5 x 107
5 x 10 to 1 x 10
Iron Oxyhydroxide

0

0

5 x 104 to 1 x 105
5
1 x 105 to 5 x 10

Cs

0
0.04
0.08
0.25
0.2

0.35
0.08

>1lO olxlO
>X 101

______

0.15

1x 10 to 5 X1056
5x 105 to 1 x 10
6
x10

>1
Am, Th, Pa

KdValue Interval
Probabilities

x10

4

0.2
0.25
0.5
0.05

DTN: SN0306T0504103.006 [DIRS 164131], Table 1.
NOTE:

In engineered barrier system calculations, upper bound of Kd ranges for plutonium (Pu) and
americium (Am) on iron oxyhydroxide reduced by a factor of 100 to be compatible with mechanistic
sorption model described in Waste Form and In-Drift Colloids-AssociatedRadionuclide
Concentrations: Abstraction and Summary (BSC 2004 [DIRS 170025], Section 6.3.3.2). Thus the Kd
values for Pu and Am on iron oxyhydroxide are effectively fixed at 104 and 105, respectively.
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and stainless steels within the waste package. The iron oxyhydroxides are known to be excellent
sorbers (as indicated by their high Kd values) of many radionuclide species. In this alternative
conceptual model, sorption is modeled as being completely reversible for all radionuclides and
represented by linear adsorption isotherms in the form of Kd values. The Kd values allow
retardation factors to be computed for transport through the EBS.

U
Li

Kd values for 13 radionuclides are discussed in Section 6.6.6.

LJ

U

Li

Pu Sorption from Stationary Corrosion Products and Colloids

6.4.7

Li

The TSPA model accounts for limited plutonium desorption from iron oxyhydroxides by
incorporating an irreversible sorption component. In contrast, this alternative conceptual model
(ACM) accounts for the slow desorption of plutonium observed in experiments investigating
absorption and desorption of plutonium from iron oxyhydroxide. Postulated mechanisms of
plutonium sorption are described and the experimentally observed desorption is interpreted in the
context of these mechanisms. Kd values are calculated for application to plutonium transport in
the EBS and comparison with the TSPA model base case. This ACM is not incorporated into the
base-case model because the durations of sorption-desorption experiments are short relatively to
the repository time scale, the mechanisms of plutonium sorption are not yet well understood, and
data on plutonium sorption and desorption are not available for high pH ranges.
This model is described in detail in Section 6.6.7.
6.5

MODEL FORMULATION FOR BASE CASE MODEL

6.5.1

tL

Mathematical Description of Base Case Conceptual Model

A solute transport model typically consists of two component models: a model to solve the flow
equation and another to solve the transport equation (Anderson and Woessner 1992
[DIRS 123665], p. 327). The solution of the flow equation yields the flow velocities or flow
rates. These flow rates are input to the transport model, which predicts the concentration
distribution in time and space. Development of the EBS flow model and the EBS transport
model are discussed separately in the next two subsections.
6.5.1.1

Li
Li
L,
L-

EBS Flow Model

The EBS flow model is essentially a mass balance on water in the EBS. Because the
microscopic details of processes that occur in the EBS are not important on a drift or waste
package scale, an appropriate starting point for developing the EBS flow model is a general
macroscopic balance on water within a drift (Bird et al. 1960 [DIRS 103524], p. 686):

L

+ r,,.
= -Awv,, + i m
W
dt

L
L

dm

(Eq. 6.5.1.1-1)

L

Li
L

Here, m,, (kg) is the instantaneous total mass of water within the walls of a drift, which
encompass the EBS. This equation states that the rate of change of water mass in the EBS is
equal to the mass rate of flow out of minus the mass rate of flow into the EBS (Awi,, [kg S-I]),

L
L
L.
L.
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CJ

C-.)

plus wi' (kg s-1), the net mass flow rate of water across bounding surfaces into the EBS by mass
transfer (e.g., condensation or evaporation transfer water across a liquid surface, which is a
boundary between gas-phase flow and transport and liquid-phase flow and transport), plus the
rate of production of water by chemical reactions, r, (kg s-1). Per Assumption 5.4, production
or consumption of water by chemical reactions is assumed to be zero, resulting in:
C -)
dm
d. ,, =-AwU" + wZ".
(Eq. 6.5.1.1-2)
dt
At steady state or when the mass of water in the EBS changes slowly, the time derivative can be
set to zero:
-Aw'

0)

+w, =0.

(Eq. 6.5.1.1-3)

The alternative bathtub conceptual model, using Equation 6.5.1.1-2 for the waste package, is
screened out as an alternative conceptual model in Section 6.6.1. By neglecting changes in the
density of the water within a drift as it passes through the EBS, Equation 6.5.1.1-3 can be
divided by the density of water, pw, (kg m- 3), to transform it into a volume balance involving
volumetric flow rates:
-AFv +Fm =0,
(Eq. 6.5.1.1-4)
where F,, = w, /p,, is the volumetric flow rate

(M 3

s-I), and the superscript m still refers to mass

transfer processes.
Since both -AFt, and F,, represent a net inflow minus outflow,
Equation 6.5.1.1-4 simply states that outflow is equal to inflow. This is the general form of the
water mass balance that is used for individual flow paths in the EBS in the EBS RTAbstraction.
It is applicable to the EBS as a whole as well as to individual components of the EBS. In
particular, the terms Aw,, and ivw can be broken down into the separate and distinct flow paths
listed in Section 6.3.1.1.
The volumetric flow rate of water into the top of the EBS is referred to as the total dripping flux,
designated F, in Table 6.3-1, and is comprised of seepage flux into the top of the drift and
condensation on walls of the drift. The seepage flux is computed in the GoldSim TSPA model
using Abstraction of Drift Seepage (BSC 2004 [DIRS 169131]), and condensation on the drift
walls is represented in the TSPA model through the In-Drift Natural Convection and
CondensationModel (BSC 2004 [DIRS 164327]); these are inputs or sources of inflow into the
EBS flow model.
Over the entire EBS, Equation 6.5.1.1-4 becomes

F, + F7 = F8,

(Eq. 6.5.1.1-5)

where F, is the total dripping flux into the top of the drift and F7 is the imbibition flux into the
Lu

invert; see Figure 6.3-1.
unsaturated zone.

F, is the flow rate of water leaving the invert and entering the
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Table 6.5-4. Water Collected in Drip Shield Experiment Q(film); Drip Location: Patch 4, 8 cm Right of

Center, Crown

Collection Station
Initial Mass (g)
Final Mass (g)
Input Water
-50.32
-228.52
Gutter 1-1
7.652
16.434
Gutter 3-1
7.611
8.677
Gutter 3-2
7.600
23.213
Gutter 3-3
7.612
8.899
Gutter 3-4
7.521
17.124
Breach 2
107.02
109.00
Breach 4
107.60
129.62
Drip Shield OUT 1
7.634
8.738
Drip Shield OUT 2
7.578
19.681
Drip Shield OUT 3
7.574
34.446
Drip Shield OUT 4
7.702
40.308
DTN: MO0207EBSATBWP.023 [DIRS 163402].

Net Water Mass (g)
-178.20
8.782
1.066
15.613
1.287
9.603
1.98
22.02
1.104
12.103
26.872
32.606

Water Collected in
Each Group of
Collection Stations (g)
178.20
36.351

24.00
72.685

U
U
U
U
U
U
U
U
U

U

One other cause for the discrepancies between experimental and predicted flow fractions is that,
in the model, all dripping flux flows down the drip shield surface. In the experiments, a large
amount of water remained on the drip shield as splattered drops that had not yet grown large
enough to flow down the surface. For example, Table 6.5-4 shows the amount of water collected
in the first experiment listed in Table 6.5-2. Of the 178.2 g of water that was dripped onto the
surface, only 60.35 g was collected from the breaches or drainage gutters, whereas 72.685 g,
or 41 percent, remained on the surface ("Drip Shield OUT" entries). This is a source of
uncertainty in the experimental results that could be reduced by increasing the duration of the
experiment far beyond the one-hour length of the test, but is inherent in the experiment and
cannot be eliminated. The result is that less of the dripping flux actually flowed down the drip
shield surface than is predicted by the model. This also causes the model to overestimate the
fraction that flows into breaches, and, therefore, overestimates the transport of radionuclides.
Results presented in Table 6.5-2 and Table 6.5-3 show a large uncertainty in the fraction of
rivulet flow that enters breaches. The integrated fraction of flow into breaches, which is the
desired result, is not readily discerned from the uncertainty in the inflow fractions, even though
the flows obtained experimentally are more clearly quantified.
Another approach, which is used to develop an uncertainty factor for use in TSPA, is to apply the
integrated flow fraction approach to a drip shield whose length is about as wide as the splash
diameter. If the rivulet source is dispersed along the crown, the integrated flow into a breach,
Equation 6.5.1.1.2-34, can be applied. However, instead of the full drip shield length, the splash
diameter is used for LDS. Thus, for the breached drip shield experiments, LDs has a range that is
double the measured range for "inner cluster" splash radius (25 to 48 cm, as discussed at the
beginning of this section, Section 6.5.1.1.2.4), or 50 to 96 cm.

U
U

U
U
U
U
U

U
L
L
CCL
U
C-

CL
L
CCC-
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The sampled parameter is then fs,

and the drip shield flux splitting algorithm is:

F2 = min[FL

b

Fi,

fs,

(Eq. 6.5.1.1.2-37)

which is identical to Equation 6.3.2.4-6. Using the higher value of maximum for fs of 0.85 is
both more reliable, being based on experimental data, and overestimates releases of
radionuclides by predicting a higher water flow rate through the drip shield. The range for fDs
to be used in TSPA is 0 to 0.85. A uniform distribution is appropriate for fDs because
insufficient data are available to define any other distribution.
6.5.1.1.3

Water Flux through a Breached Waste Package

The submodel for flow through a breached waste package is conceptually identical to the
submodel for flow through a breached drip shield. Key features listed at the start of
Section 6.5.1.1.1 apply to both the drip shield and waste package cases. The waste package and
drip shield flow submodels differ in two important respects: (1) the radius of curvature of the
waste package is less than that of the drip shield; and (2) the nominal corrosion patch size as
modeled by WAPDEG (BSC 2004 [DIRS 169996]) is smaller for a waste package than for the
drip shield. These differences have no affect on the formulation of the waste package flow
model. However, they have an affect on the values of uncertainty parameters that are part of the
model. Because experiments were performed on a breached drip shield mock-up but not on a
breached waste package mock-up, application of drip shield data to the waste package flow
model introduces additional uncertainty in development of the model; however, these
uncertainties cannot be quantified.
The water flux through a breached waste package, F4 , as developed in Section 6.3.3.2, is
given by:
F4 = minF2

LIFT

IfT,F

where F2 is the flux through the breached drip shield.
rigorous expression:

m
L

NbPe
2

1 1 tan a'

N) Ln P

+

2

F,2

(Eq. 6.5.1.1.3-1)

This is a simplification of a more

f1,
2 j,

(Eq. 6.5.1.1.3-2)

which explicitly accounts for the rivulet spread angle a. Because a is an uncertainty parameter
itself, it can be lumped in with the parameter flp to give fJ',. Equation 6.5.1.1.3-2 is
considered first in order to examine the dependence on ar.
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flow data are
flux splitting model in Section 6.5.1.1.2, values of f-p, are computed. The
Worksheet:
analyzed in Microsoft Excel spreadsheet: Flux Split Waste Package Model,
f calculations, which is documented in Appendix D. In Microsoft Excel spreadsheet: Flux Split
Waste Package Model, Worksheet: Summary, documented in Appendix D, tables analogous to
Tables 6.5-2 and 6.5-3 are presented.
An uncertainty factor flp that can be obtained by replacing the fraction F4 /F 2 with fp,

LJ

L)
U

U

A

=P

U

F4IF2

~A(I tanaDU
fIp 2

(Eq. 6.5.1.1.3-3)

is obtained by evaluating it with the appropriate minimum and
a so as to minimize and maximize fp. The half-width of the
(t = 13.5 cm) is used to evaluate flp. The minimum value of
a =22.0', is f,,,p =3.081f,,p, = 0.909 using the mean value of
The maximum value of f~vp, using L1 vp = 96 cm and a = 5.5', is
0.295 for fP,.
flp = 6.784f.P, = 2.001 using the mean value of 0.295 for fL.
The range of values for f.vp
maximum values of LVP and
patch used in the experiments
f1,,,, using Lj, =50 cm and

U
U
L

A much lower range could also be justified by using the median inflow fraction of 0.014 instead
of the mean (0.295) to define fjp. In this case, fvp would range from 0.043 to 0.095, which
demonstrates the large degree of uncertainty in the experimental measurements and the resulting
flux splitting submodel.

L
L

The values for fvp discussed in this section actually represent a range for the maximum value
of fjp, since the minimum must be zero. If the factor (1 + !/2 tan a) that accounts for the rivulet
spread angle is lumped in with fp, the sampled uncertain factor f,,,p has an upper bound (using
the maximum rivulet spread angle, a =220) of 2.41. The range for fr' to be used in TSPA is 0
to 2.41. The parameter f',l' is assigned a uniform distribution.

L

6.5.1.2

L

EBS Transport ModelL

The EBS transport model consists of mass balances on radionuclides. The transport model is
more complex than the flow model for two basic reasons. First, the transport model is
necessarily transient because the mass of each radionuclide at any particular location is
dependent on its history (i.e., how far it has traveled, the quantity remaining at the source, and
the extent of radioactive decay or ingrowth). Second, several complex interacting processes
occur in transport, including dissolution and precipitation, sorption, advective transport,
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diffusion, and colloid-facilitated transport. The term "colloid-facilitated transport" includes
numerous phenomena, including adsorption and desorption of radionuclides onto mobile and
immobile colloids, capture of colloids by solid surfaces and the air-water interface, filtering,
dispersion, and diffusion. Transport can take place at any degree of water saturation greater than
zero, so the model has to account for water saturation. Dissolution and precipitation may occur
at finite rates or sufficiently fast to reach equilibrium. Solubility limits that determine whether,
or to what extent, these processes occur are dependent on the chemical environment of the EBS.
The EBS transport model applies to the waste package, the invert, and the invert/UZ interface.
Mass Balance for Dissolved and Reversibly and Irreversibly Sorbed Radionuclides in the
Aqueous Phase
As with the flow model, the details of pore structure within the EBS are not important, and
macroscopic mass balances using phenomenological rate expressions are appropriate. The
starting point is the equation of continuity, or mass balance equation, for each dissolved
radionuclide species i (Bird et al. 1960 [DIRS 103524], p. 561):

P---= -V. -J + a"' + r, .

al

(Eq. 6.5.1.2-1)

Here, p, is the mass concentration of dissolved radionuclide species i (kg i m-3 bulk volume), J,
is the mass flux vector (or mass specific discharge) (kg m- 2 s-) of dissolved radionuclide species
i in the mobile water phase and accounts for advection, hydrodynamic dispersion, and diffusion
of the dissolved radionuclide species i. The term Q7 is the net rate on a bulk volume basis
(kg m- 3 s-) of the various mass transfer processes, including reversible and irreversible sorption
onto solid stationary materials in the EBS, dissolution and precipitation, and the various
colloid-facilitated transport processes. The reaction term, r,, accounts for radioactive decay and
ingrowth on a bulk volume basis (i.e., production by decay of the parent of i) (kg m- 3 s-1). Each
of these terms is expanded and described in more detail below, then simplified as appropriate for
application in the TSPA model.
It is convenient to develop the transport model following the approach normally taken in the
literature (Corapcioglu and Jiang 1993 [DIRS 105761], pp. 2217 to 2219; Choi and
Corapcioglu 1997 [DIRS 161621], p. 306), with an emphasis on colloid-facilitated transport,
since the complexity of those processes tends to dominate the analysis. First, Equation 6.5.1.2-1
is rewritten in terms of concentrations of radionuclides in an unsaturated porous medium. The
density, or mass concentration, of dissolved radionuclide species i is given by:
p, = CAS. ,
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mass; the irreversibly sorbed radionuclides are sorbed onto the surface of these colloids, rather
than being embedded within the colloid matrix, as are the radionuclides associated with the
waste form colloids. The ground water colloids exist in the corrosion products and invert
domains, and their concentrations are dependent on the local domain chemistry. The ground
water colloids transport only reversibly sorbed radionuclide mass. The iron oxyhydroxide
corrosion products are immobile and found only in the corrosion products domain. These
corrosion products support both reversibly sorbed and irreversibly sorbed radionuclide mass;
however, as a bounding approach, reversible sorption is ignored by setting the Kd values to zero
(BSC 2005 [DIRS 174695]). Since corrosion products are immobile, all radionuclide mass
sorbed to corrosion products is not transported but is retarded.
All of the features of the EBS radionuclide transport abstraction are accounted for in
Equations 6.5.1.2-38, 6.5.1.2-36, 6.5.1.2-41, and 6.5.1.2-42 (or the one-dimensional versions of
these equations, Equations 6.5.1.2-46, 6.5.1.2-49, 6.5.1.2-47, and 6.5.1.2-48, respectively),
including invert diffusion, retardation in the waste package, in-package diffusion, and transport
facilitated by reversible and irreversible colloids. Implementation of these equations into TSPA I
involves additional simplifications and restrictions that are discussed in Section 6.5.3.
6.5.1.3

Nomenclature

Li

L;
LU
U.

L
L
L

L
L
L

Symbols used in Sections 6, 7, and 8 are summarized in Table 6.5-5.
Table 6.5-5. Nomenclature
Variable

Li

.A

Definition
Cross sectional area of diffusive or flow pathway

A1

Diffusive area of UZ fracture cell

m2

Eq. 6.5.3.5-21

Ag

Surface area of crushed tuff granule

m2

Section 6.6.4.1

A,

Invert cross sectional area (circle segment)

m2

Eq. 6.5.3.3-2

Al

Diffusive area of invert cell

m2

Eq. 6.5.3.5-21

Li

A

Intercepted
flow area of a drift over the length of
one
waste package

m2

Eq. 6.5.3.3-12

Diffusive area between invert and UZ cells

m2

Eq. 6.5.3.3-4

L
L

Am

Diffusive area of UZ matrix cell

m2

Eq. 6.5.3.5-21

A ..

Cross sectional area of stress corrosion crack

cm 2

Eq. 6.6.2-8

Effective cross sectional area of stress corrosion

cm 2

Section 6.6.2

AZ/

Projected area of UZ normal to vertical flux

m2

Eq. 6.5.3.6-1

A,

Cross sectional area of water molecule

m2

Table 4.1-9;

a

One-half the length of a stress corrosion crack

m

Eq. 6.3.4.3.2-6
Eq. 6.3.3.1-1

a
a

Constant in equation for binary diffusion
coefficient

AIIZ

Asce

"4f

I crack

Empirical parameter in Archie's law
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m2

Where First Used
Eq. 6.5.1.2-5

dimensionless

Eq. 6.6.2-6

dimensionless

Eq. 6.3.4. 1.1 -1
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L
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Table 6.5-5. Nomenclature (Continued)
Variable
0

Definition
Porosity

Ocp

Porosity of corrosion products

Of

Porosity of UZ fractures

01

Bulk porosity of invert

0inier

Porosity of invert intergranular continuum

tintra

Porosity of invert intragranular continuum

0,,,

Porosity of saturated tuff matrix

V/

Moisture potential

YWe

I

Air-entry moisture potential
Air-entry moisture potential at a bulk density of
1,300 kg m-3

COG
__i

7

Mass fraction of corrosion products as goethite
Mass fraction of radionuclide species i released
per unit mass of waste form

Del operator:

i- + j

'ax

+k

a-y• kz

where 1Ij,

and k are unit vectors in the x-, y-, and zdirections, respectively
BET = Brunauer, Emmett and Teller; CP = corrosion products; COV = coefficient of variance;
DSNF = defense spent nuclear fuel; FHH = Frenkel-Halsey-Hill adsorption isotherm equation.

6.5.2

Base Case Model Inputs

Table 6.5-6 summarizes model inputs used in the EBS RT Abstraction that are sampled in the
TSPA model calculations. The uncertainty associated with each parameter is indicated by the
range and distribution shown for the parameter and is discussed in this section. The type of
uncertainty is listed for each parameter. Aleatoric uncertainty refers to uncertainty for which
sufficient knowledge is unobtainable because features, events, and processes involve chance
occurrences. This type of uncertainty cannot be reduced through further testing and data
collection. Epistemic uncertainty arises from a lack of knowledge about a parameter because the
data are limited or there are alternative interpretations of the available data. The parameter is
variable because an analyst does not know what the precise value of the parameter should be, but
the state of knowledge about the exact value of the parameter can increase through testing and
data collection.
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6.5.2.1

Invert Diffusion Coefficient

The invert diffusion coefficient is used to calculate the rate of diffusion of radionuclides through
the invert, after they have been released from the waste package. The uncertainty in the invert
diffusion coefficient is epistemic. The values were derived from measured values of diffusion
coefficients in various granular materials, including tuff. However, the data were scattered. This
was particularly true at lower values of volumetric water content, where experimental difficulties
are more pronounced - achieving uniform and consistent degrees of water saturation is difficult,
resulting in uncertainties in the actual water content. The use of electrical conductivity
measurements as an analog for diffusivity becomes more uncertain at low water content due to
uncertainty in the electrical connectivity between electrodes and the porous material as well as
between the particles themselves. The reported uncertainty approximates a normal distribution
for the residuals in the statistical fit to the experimental data. Uncertainty in the porosity of the
invert is included in the greater uncertainty associated with the measurements of the diffusion
coefficient, which were made on a variety of geologic materials having a range of porosities;
thus the porosity uncertainty can be considered to be accounted for in the effective
diffusion coefficient.
6.5.2.2

ci
U

.

Irreversible Sorption onto Iron Oxyhydroxides

The irreversible sorption model developed in Section 6.3.4.2.3.2 involves six parameters for
which the uncertainty is both epistemic and aleatoric. These parameters are the specific surface
area of goethite, the relative abundance of goethite (compared to HFO) in stationary corrosion
products, the sorption site densities of goethite and HFO, and the percentage of high-affinity
sorption sites for goethite and HFO. The epistemic uncertainty in sorption site densities and the
percentage of high-affinity sorption sites arises from the difficulty in making precise
measurements of these properties. One result of this experimental epistemic uncertainty is the
inability to assign greater weight to individual experiments, so discrete distributions are used that
give equal weight to all experimental results. Aleatoric uncertainty is due to the unpredictable
variability in the circumstances and environment under which the iron oxyhydroxides will be
formed in the repository, which will result in variations in specific surface area, relative
abundance of goethite, and sorption properties.
6.5.2.3

L

C
L

L
L
L

.

Sorption Distribution Coefficients for Calculating Invert Sorption

for
Sorption on crushed devitrified tuff in the invert also involves some epistemic uncertainty
most radionuclides. The exceptions are C, I, and Tc, which do not sorb measurably on tuff (Kd
values are zero). As with Kd values for sorption on corrosion products, the invert Kd values also
involve some aleatoric uncertainty due to the evolving chemistry of the seepage water and
changes resulting from chemical processes that occur as EBS components degrade. Invert Kd
values are correlated as shown in Table 4.1-16 (DTN: LA0311AM831341.001 [DIRS 167015]).
In the implementation of sorption distribution coefficients in the invert in TSPA, the devitrified
tuffKd values developed for the UZ submodel are assigned to the invert.

L
L
L
L
L
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6.5.2.4

In-Package Diffusion Submodel

The general corrosion rates for carbon steel and stainless steel are known with some
uncertainty, as shown in the data presented in Table 4.1-1 (DTN: MO0409SPAACRWP.000
in
developed
function
distribution
empirical cumulative
An
[DIRS 172059]).
to
CSCorrosionRate
for
parameter
DTN: MO0409SPAACRWP.000 [DIRS 172059] is used
An empirical cumulative distribution function developed in
be sampled in TSPA.
DTN: MO0409SPAACRWP.000 [DIRS 172059] is used for parameter SSCorrosionRate to
be sampled in TSPA. In view of the large range in the measured data even among multiple
samples under identical conditions, some epistemic uncertainty exists in corrosion rates. In
addition, the future physiochemical environment of the waste package interior will influence
corrosion rates, as evidenced by the variability in rates under different conditions
(DTN: MO0409SPAACRWP.000 [DIRS 172059]). Thus, aleatoric uncertainty also exists in
the corrosion rates owing to the uncertain future waste package environment.
The parameters DiffPath LengthCPCSNF and Diff PathLength CP CDSP are developed
in Sections 6.5.3.1.1 and 6.5.3.1.2. These are the diffusion path lengths from the internal waste
package corrosion products domain to the invert domain of the EBS transport abstraction for
CSNF (e.g., 21-PWR and 44_BWR) and codisposal (CDSP) (e.g., 5 DHLW/DOE SNF - Short)
waste packages, respectively. The radionuclide source (failed fuel rods or glass logs) and the
porous corrosion products are treated as being uniformly distributed throughout the volume of
the breached waste package. Breached fuel rods or glass logs may lie adjacent to the interior of a
breach in the waste package or nearby. Some aleatoric uncertainty exists in the location of the
radionuclide source embedded in the corrosion products. The minimum path length is the
thickness of the waste package outer corrosion barrier, 0.02 m for CSNF waste packages and
0.025 m for codisposal waste packages. The maximum is the radius of a waste package, 0.859 m
for CSNF waste packages and 1.063 m for codisposal waste packages. A uniform distribution is
appropriate for this parameter.
The parameter SurfaceAreaCP, the specific surface area of corrosion products, is developed in
Section 6.3.4.3.3, where uncertainties are discussed. This parameter accounts for the uncertainty
in the computed surface area of corrosion products that is available for water adsorption inside a

breached waste package. The calculated mass of corrosion products is multiplied by their
specific surface area to compute the bulk surface area. The uncertainties are both aleatoric and
epistemic. Unpredictable processes or events may occur that impact the morphology of
corrosion products and alter their surface area, including seismic events, collapse of waste
package internal structures, and changes in seepage rates. The nature of corrosion products
formed under the conditions in a breached waste package in a humid environment, from a
mixture of various types of steel, and their behavior in response to events and process that may
occur is also uncertain. Due to the sparseness of the data for the specific surface area of
corrosion products, only a uniform distribution can be justified for this parameter.
6.5.2.5

EBS-UZ Boundary Condition Implementation in TSPA

The EBS-UZ boundary condition implementation, discussed in Section 6.5.3.6, is applied when
the EBS transport abstraction is discretized and implemented in GoldSim. This model provides
the radionuclide concentration boundary condition at the invert-UZ boundary such that the
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far-field concentration is approximately zero. To compute this boundary condition, a portion of
the UZ is modeled, so input parameters for the UZ are used and therefore become EBS transport
input parameters. The uncertainty in sampled parameters is discussed in this section; details
about how UZ parameters are used are provided in Section 6.5.3.6.
Most of the parameters used for the EBS-UZ boundary condition implementation are taken from
the output of Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]), in which
specification of the ranges and distributions for the parameters is discussed. The parameters
were developed for the discrete fracture-matrix partitioning model (BSC 2004 [DIRS 170040]).
Although the modeling approach used in the EBS RT Abstraction is different, the parameter
values remain unchanged. The parameter values are given in DTN: LB0307FMRADTRN.001
([DIRS 165451], Folder: U0230_excel._files.zip). These parameters were developed for the
lower, mean, and upper bound flow fields for the glacial transition climate and recommended for
use in TSPA for the entire duration of the simulation. The glacial transition lower, mean, and
upper infiltration cases cover a range of conditions that encompass all of the monsoon climates
and all but the present-day lower infiltration climate. Furthermore, most of the regulatory
compliance period (2,000 to 10,000 years) is modeled as being under glacial transition climate.
Because of the predominance in time and wide range of the glacial transition infiltration cases,
these three cases are used as representative for the low, mean, and high infiltration cases for the

U
U
L)
L

U
U

L;

U.

entire compliance period.

6.5.2.5.1

Matrix and Fracture Percolation Fluxes

.

Similar to the approach taken in Drift-Scale Radionuclide Transport (BSC 2004
[DIRS 170040]), in the EBS-UZ interface model, the parameter uncertainty is included through
uniform sampling of the 433 different repository locations that have been assigned model
parameters such as fracture and matrix flux and water saturation values. These values have been
taken from the output of the UZ flow model for the repository host rock; see Sections 6.4.5 and
6.4.6 of Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]) for additional
information. The sampled parameters that are based on repository locations are sampled such
that if a flux for a certain location is considered then the saturation for the same location is
also used.
6.5.2.5.2

.
U

L

Fracture Frequency

The fracture frequency distribution for each UZ model layer is presented in Table A-I of
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040], Appendix A, Table A-i). Since
approximately 80 percent of the waste emplacement drift area is occupied by the TSw35
(Topopah Spring welded tuff lower lithophysal) unit of the UZ model (Appendix H of
Drift-Scale Radionuclide Transport, BSC 2004 [DIRS 170040]), and because of the small
variation in fracture frequency among various units, it is sufficient to use the fracture frequency
distribution for TSw35 as given in Table A-I of Drift-Scale Radionuclide Transport (BSC 2004
[DIRS 170040], Appendix A, Table A-i).

U
L
U
L
L
U

L
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L)

6.5.3

Summary of Computational Model

The object of the EBS radionuclide transport abstraction is to determine the rate of radionuclide
releases from the EBS to the unsaturated zone. In the EBS transport model, the EBS is spatially
partitioned into the following domains: (1) waste form, consisting of, for example, fuel rods,
HLW glass, and DSNF; (2) waste package corrosion products; and (3) invert. In addition, the
UZ immediately underlying the invert is conceptualized as a dual continuum consisting of
(4) UZ matrix continuum and (5) UZ fracture continuum. The inclusion of a portion of the UZ is
needed for an accurate calculation of the invert-to-UZ interface fluxes by providing a diffusive
path length that is sufficiently long such that the concentration at the outlet of the UZ can
realistically be assigned a value of zero.
In the waste form domain, degradation processes occur, including breaching and axial splitting
of fuel rods, dissolution of SNF and HLW glass, and formation of waste form colloids wherever
applicable. Dissolved species are transported by advection and/or diffusion to the waste package
corrosion products domain. The primary interactions in the corrosion products domain involving
radionuclide species are irreversible sorption onto stationary corrosion products, reversible and
irreversible sorption of dissolved species onto iron oxyhydroxide colloids, and reversible
sorption onto groundwater colloids and waste form colloids (when present). In the invert
domain, radionuclides released from the corrosion products domain are transported by advection
and diffusion, and interact with the crushed tuff by adsorption processes. The properties of each
domain, including the volume, porosity, water saturation, diffusion cross sectional area, and
diffusive path length, affect the rate of advective and diffusive transport of radionuclides through
the domain. The invert domain interfaces with both continua of the UZ. The properties of the
domains are defined in the following sections.
6.5.3.1

Waste Form and Waste Package Diffusion Properties

This section summarizes the general approach, major assumptions, main steps in the
computational algorithm, and the stochastic parameters for the in-package diffusion submodel
for TSPA. The mathematical equations for the in-package diffusion submodel are described in
Section 6.3.4.3
The general approach for the commercial SNF (21-PWR and 44-BWR) waste packages is to
consider two pathways for diffusion: (1) through porous waste form products inside the
package, and (2) through porous corrosion products filling the bottom of the waste package.
Starting from the time when a package is first breached, the extent of degradation is determined.
This parameter is the basis for estimating the amount of corrosion products present inside a
package, and allows the water saturation and effective diffusion coefficient to be computed.
Implementation of the three-domain EBS abstraction requires that properties be specified for
each domain, including the volume, diffusive cross-sectional area, the diffusive path length,
porosity, water saturation, and the procedure for calculating the diffusion coefficient. These
properties must be specified for each type of waste package (CSNF and codisposal waste
packages) and for the drip and no-seep environments.
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6.5.3.1.1

Li

CSNF Waste Packages Properties

This section discusses the CSNF waste package properties in the following two domains: CSNF
waste form and CSNF corrosion products.

L)

6.5.3.1.1.1

L)

CSNF Waste Form Domain

4
is
In CSNF waste packages, the waste form domain consists of fuel rods. Except for 1 C, which
released from fuel hardware at the time of waste package breach (DTN: SN0310T0505503.004
[DIRS 168761]), radionuclides are released only from failed rods. Fuel rods initially fail either
by perforations in the cladding as a result of corrosion or by damage in handling or in seismic
events; however, it is assumed that the fuel rod cladding instantly splits along its length when the
waste package fails (BSC 2005 [DIRS 172895], Assumption 5.3). Fuel rods split when the SNF
reacts with the oxygen and moisture inside the waste package, forming metaschoepite. The
resulting material, having a greater volume than SNF (mostly U0 2), causes the fuel rod to split
open. The configuration of the failed rod is a mostly intact tube with the slit along the length
exposing the SNF inside.

U

U
L)

)

U

The reacted SNF constitutes a porous "rind" that is modeled as saturating quickly and completely
with water, both in a seep and no-seep environment. The volume of the rind as a function of
time and the rind porosity are provided by Cladding DegradationSummary for LA (BSC 2005
[DIRS 172895]). Radionuclides dissolve in the water that fully saturates the pore volume of
the rind.
The diffusive area of the waste form domain is the total exposed surface area of the SNF in all of
the axially split fuel rods, i.e., the area of the slit times the number of failed fuel rods. This area
is provided by CladdingDegradationSummary for LA (BSC 2005 [DIRS 172895]).
The diffusive path length is the thickness of the rind, which is a function of time as the SNF
reacts to form metaschoepite.
The diffusion coefficient is computed using Archie's law (Equation 6.3.4.3.5-2), with the
porosity of the rind and the assigned water saturation of 1.0. As discussed in Section 6.5.3.5, the
discretized mass balance equations use a diffusive conductance, which is a harmonic average of
diffusion coefficient terms (including diffusivity, porosity, saturation, diffusive path length, and
cross-sectional area for diffusion; see Equation 6.5.3.5-7), in this case, for the waste form and
corrosion products domains. Since the TSPA model, GoldSim (GoldSim Technology Group
2002 [DIRS 160579]) computes the diffusive conductance, only the diffusion coefficients need
to be input, rather than the diffusive conductances themselves.
6.5.3.1.1.2

L

L
L

L

CSNF Corrosion Products Domain

The second domain consists of the corrosion products inside the waste package. The mass of
corrosion products (mcp) is given as a function of time by Equation 6.5.3.2-5 below. In
Section 6.3.4.3.4, a porosity (Ocp) of 0.4 for corrosion products is shown to be appropriate. For
purposes of calculating the water content of a breached waste package, the corrosion products

CL
L
LL-
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-

In the igneous intrusive modeling case, the entire waste package is breached, and the
waste package and cladding provide no further protection to the waste forms
(BSC 2004 [DIRS 168960], Section 6.7.1). Transport begins with transport through
the invert.

-

In the igneous eruptive modeling case, the entire inventory of affected waste
packages is made available for release to the air as ash. The EBS transport model
does not apply.

In all scenario classes, the corrosion products diffusive path length is a sampled parameter (see
Table 6.5-6) ranging from 0.02 m (the thickness of the CSNF waste package outer corrosion
barrier) to 0.859 m (the outside radius of a 21-PWR) (BSC 2004 [DIRS 169472], Table 1).
6.5.3.1.2

Codisposal Waste Packages Properties

Codisposal waste packages consist of five cylindrical canisters containing HLW glass (glass
"logs") surrounding a central canister of defense spent nuclear fuel (DSNF). After the
codisposal waste package is breached, the HLW glass slowly degrades to a clay-like alteration
product. However, the DSNF is modeled as degrading instantaneously (within a single TSPA
time step) once the waste package is breached (BSC 2004 [DIRS 172453], Section 8.1). In
addition to the on-going fuel degradation, the steel support framework inside the waste package
also corrodes gradually, allowing the HLW glass logs to collapse onto each other such that the
general cylindrical shape of the logs is retained. On the other hand, since DSNF is modeled as
degrading instantaneously with no credit taken for the canister, it is expected that DSNF will not
retain its cylindrical geometry, and may mix with the steel degradation products (iron
oxyhydroxides) as a porous medium. With this assumption of the internal configuration of a
degraded codisposal waste package, two separate waste form subdomains are conceptualized,
one for HLW and the other for DSNF. The transport characteristics in each waste form
subdomain are expected to be different.
Since the EBS transport model is a one-dimensional model, the two waste form subdomains are
modeled sequentially, such that the HLW subdomain is upstream of the DSNF subdomain. The
mass released from the degradation of HLW glass moves to the DSNF subdomain by advection
and/or diffusion and is then transported to the corrosion product domain. This sequential
representation is consistent with the conceptualization that the DSNF will degrade quickly and
mix with the down-gradient steel corrosion products while the HLW glass logs will retain their
cylindrical geometry and remain up-gradient of the corrosion products. The seepage flux
through the waste package is also conceptualized to pass in series so that each waste form
subdomain and the corrosion product domain have the same seepage flux.
The diffusive area in the HLW waste form subdomain, for the mass transport calculation, is
calculated to be the combined initial surface areas of the five glass logs. The diffusive area in
the DSNF waste form subdomain is set equal to the diffusive area of the corrosion product
domain, which varies by the scenario class being modeled. This is reasonable because the
corroded mass of uranium oxide, formed from degradation of DSNF waste form, is expected to
mix with the iron oxyhydroxides formed from corrosion of steel components inside the waste
package and be dispersed throughout the waste package, occupying the same area. In the
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= (os-or)

0i'er = r0+

L(ta)"]"

(Eq. 6.5.3.3-14)

'

L

Parameters in Equation 6.5.3.3-14 are:
0,

= residual volumetric water content in the invert (percent)
= 5.0 (BSC 2005 [DIRS 173944], Appendix X, Table X-7)

0,

= saturated volumetric water content in the invert (percent)
= 45.0 (BSC 2005 [DIRS 173944], Appendix X, Table X-7)

a

= van Genuchten air-entry parameter (bar')
= 624. bar' (BSC 2005 [DIRS 173944], Appendix X, Table X-7)

n

= van Genuchten n value (dimensionless)
= 8.013 (BSC 2005 [DIRS 173944], Appendix X, Table X-7)

m

= van Genuchten m value (dimensionless)
= 0.875 (BSC 2005 [DIRS 173944], Appendix X, Table X-7)

U

With the algorithm and parameters described in this section, the bulk volumetric water content in
the invert is obtained.
6.5.3.4

Irreversible Sorption onto Iron
Corrosion Products

Oxyhydroxide

Colloids

and Stationary

Irreversible sorption of Pu and Am onto iron oxyhydroxide colloids and stationary corrosion
products in the corrosion product domain is included in the TSPA model, as described in Section
6.3.4.2.3.2. A linear forward rate constant, k,, for irreversible sorption reactions is needed for
the source terms in the mass balances for radionuclides that undergo irreversible sorption. In
Equation 6.5.1.2-46, the mass balance for dissolved and reversibly sorbed radionuclide species i,
the forward rate constant appears in a term that removes dissolved radionuclides from solution.
In Equations 6.5.1.2-47 and 6.5.1.2-48, the mass balances for irreversibly sorbed radionuclide
species i on mobile iron oxyhydroxide colloids and stationary corrosion products, respectively,
the forward rate constant appears in a term that increases the concentration of irreversibly sorbed
radionuclide species i.
In the no-seep case or where iron oxyhydroxide colloids are unstable, the forward rate constant is
randomly sampled from a range developed in Waste Form and In-Drifit Colloids-Associated
Radionuclide Concentrations: Abstraction and Summary (BSC 2004 [DIRS 170025],
Section 6.3.3.2) from experimental data of 0.01 m m2 yr-' to 0.24 m m2 yf-', with a
log-uniform distribution (DTN: SN0309T0504103.010 [DIRS 165540]).
For the seep case and where colloids are stable, the forward rate constant ki describing
irreversible sorption to iron oxyhydroxide corrosion products and colloids (Equations 6.5.1.2-13
and 6.5.1.2-18, respectively) is computed as a fitting parameter to match a specified target flux
out ratio for the corrosion products domain (BSC 2004 [DIRS 170025], Section 6.3.3.2). The
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target flux out ratio (0) is the ratio of radionuclide flux exiting the corrosion product domain that
is transported by colloids to the total radionuclide flux exiting the corrosion product domain (in
dissolved state or sorbed onto colloids). The mass of radionuclides in the fluid exiting the
corrosion products domain is expected to be proportioned such that the mass of radionuclide
species i both reversibly and irreversibly sorbed onto all colloids is some fraction of the total
mass of radionuclide species i exiting the system in all forms-aqueous, reversibly sorbed, and
irreversibly sorbed. Observations in nature, such as the transport of Pu from the Benham test site
(Kersting et al. 1999 [DIRS 103282]) indicate that this fraction is about 95 percent.
This is expressed as:

colloid mass flux out

=

0.95.

(Eq. 6.5.3.4-1)

total mass flux out
This target flux out ratio value of 95 percent is uncertain with an uncertainty range of 0.9 to 0.99
and a uniform distribution associated with it (BSC 2004 [DIRS 170025], Table 6-12, p. 6-72). It
also may be a function of time, since the observation time for the Benham test is only about 50
years. In TSPA, irreversible sorption occurs only for Pu and Am.
The dependence of the forward rate constant on the target flux out ratio is obtained from an
analytical solution of a finite difference approximation of transport in the corrosion products
domain. The function for evaluating the forward rate constant is given by Equation B-72 in
Appendix B.
This treatment applies in a seep environment. The calculated forward rate constant is
constrained to be less than or equal to the experimentally derived maximum value of the sampled
range for the no-seep environment, 0.24m 3 m-2yr'
(DTN: SN0309T0504103.010
[DIRS 165540]). This approach is adopted because honoring the experimentally derived value is
deemed more appropriate than honoring the target flux out ratio.
6.5.3.5

Discretization and Development of Computational Model for TSPA

The continuum mass balance equations for EBS transport model are described and developed in
Section 6.5.1.2. The one-dimensional mass balance equation describing transport of dissolved
and reversibly sorbed radionuclide species i is provided by Equation 6.5.1.2-46. The
one-dimensional mass balance equations for irreversibly sorbed radionuclide species i on iron
oxyhydroxide colloids and corrosion products are given by Equations 6.5.1.2-47 and 6.5.1.2-48,
respectively. The solution of these continuum-form mass balance equations is approximated for
the purpose of numerical modeling by the solution of discrete forms of these equations using a
finite-difference approach. This requires the discretization of the time derivative (or mass
accumulation term) and the advective and diffusive terms for both dissolved and colloidal
transport. All other source terms and decay terms do not require discretization in either time
or space.
Numerical modeling of the EBS radionuclide transport is performed using the GoldSim software
(Golder Associates 2003 [DIRS 166572]) cell pathway capability, available in the GoldSim
Contaminant Transport Module. The cell pathway acts as a batch reactor, where radionuclide
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mass is assumed to be instantaneously and completely mixed and partitioned among all media
(fluid or solid) within the cell. Both advective and diffusive transport mechanisms can be
explicitly represented using the cell pathways. When multiple cells are linked together via
advective and diffusive mechanisms, the behavior of the cell network is mathematically
described using a coupled system of differential equations, and is mathematically equivalent to a
finite difference network. GoldSim numerically solves the coupled system of equations to
compute the radionuclide mass present in each cell and the mass fluxes between cells as a
function of time. Both initial and boundary conditions for a cell can be defined explicitly, and
systems of varying geometry can be modeled.
Within a computational cell network, each cell is allowed to communicate by advection and/or
diffusion with any other cell. This concept is crucial in implementing the bifurcation of diffusive
fluxes across an interface between a single continuum domain and a dual continuum domain,
such as at the interface between the invert domain and the unsaturated zone. Each computational
cell is provided with parameters describing water volumes, diffusive properties, and advective
and diffusive flux links to other cells. Between any two cells, the diffusive flux can be
bidirectional, depending on the concentration gradient, while the advective flux is unidirectional.
The output of a cell is given in terms of the advective and diffusive mass fluxes for radionuclide
species i and its concentration at the cell center.
The number of cells in the finite-difference network and the discretization of the cells is chosen
in such a way as to capture the unique physical and chemical properties of the EBS components
with respect to radionuclide transport. The abstractions are in the form of logic statements and
stochastic distributions that provide a method for linking various cells in the network.
Implementation of the EBS flow and transport model for TSPA uses the output of the drift [
seepage model (BSC 2004 [DIRS 169131]), the models for drip shield and waste package
degradation (BSC 2004 [DIRS 169996]), the EBS physical and chemical environment model
(BSC 2005 [DIRS 173727]), the thermal-hydrologic environment model (BSC 2005
[DIRS 173944]), and the waste form degradation and mobilization model (BSC 2004
[DIRS 172453]); Defense HLW Glass Degradation Model (BSC 2004 [DIRS 169988]); and
CSNF Waste Form Degradation: Summary Abstraction (BSC 2004 [DIRS 169987]). The flow
through various cells is based on the continuity equations and conservation of mass, as discussed
in Section 6.3. An overview of the computational model for TSPA, as implemented using [
GoldSim, is provided below.

U

U
U
L;
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L

L
L

L

Radionuclide transport through the waste package is modeled by spatially discretizing the waste
package into two domains: an upstream waste form domain and a downstream corrosion
products domain. As implemented using GoldSim, a single waste form cell represents the entire
volume of the CSNF waste form domain, and two waste form cells represent the two CDSP
waste form subdomains (HLW and DSNF subdomains, which together comprise the single
CDSP waste form domain), while a single corrosion products cell represents the entire volume of
the corrosion products domain. These are illustrated in Figure 6.5-4 below by the EBS portion of
the cell network - waste form cell, corrosion products cell, and invert cell.

L

The waste form cell receives mass from a specialized GoldSim "Source" cell, which models the
waste package failure, degradation of the waste form, and release of the inventory for possible
transport through the EBS. The "Source" cell provides the specified flux boundary condition for

L
L
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The UZ fluxes result in defining three diffusive conductances from the flux expressions:

D,+ Df+ D~,,

b),, (Ci, - Ci,,) =

D,,,

151(Ci
- J

(Eq. 6.5.3.5-18)

i

(C,, -C,,)
K1515.)

(Eq. 6.5.3.5-19)
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(Eq. 6.5.3.5-20)

where
Dif

= effective diffusive conductance between invert cell and UZ fracture cell
(cm

b /,,

3

s-1);

= effective diffusive conductance between invert cell and UZ matrix cell
(cm 3 S-I);

Dmf

= effective diffusive conductance between UZ fracture and matrix cells
(cm 3 s-I).

In order to accommodate the GoldSim representation of diffusive conductance as a two-term
expression, the diffusive conductances of radionuclide species i are written as:
I
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(Eq. 6.5.3.5-21)
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Although the above approach is rigorous, it is complex and difficult to implement in the TSPA
model. A second approach that is easier to understand and simpler to implement, while
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providing the same results as the above approach, is presented here and is implemented in TSPA.
This approach requires introduction of an interface cell, located between the invert cell and the
UZ cells. This interface cell provides an approximate interface concentration and the resulting
flux split at the invert-to-UZ cell interface. The interface cell is conceptualized as a very thin
slice of the invert cell. This implies the interface cell takes on the invert diffusive properties,
with the exception of diffusive length. Let the diffusive length within the interface cell be some
small fraction (a scale factor) of the invert diffusive length, say, InterfaceScaleFactor = 10-6:
4-~i", = 10-6 L1 .

(Eq. 6.5.3.5-24)

L;
L;

As in Equation 6.5.3.5-7, the diffusive conductance between the invert cell and the invert
interface cell is calculated as the harmonic average:
(Eq. 6.5.3.5-25)
+O.D)
(qOS.DA)_,~,,

For diffusion between the interface cell and the UZ fracture and matrix cells, the diffusive
conductances of radionuclide species i are, respectively,
1

Au!I

4 /-int

+

+
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(Eq. 6.5.3.5-26)
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(Eq. 6.5.3.5-27)

The interface cell concentration of radionuclide species i is computed as part of the cell network
solution. Because the transport mass balance equations conserve mass, the mass flux leaving the
interface cell must equal the sum of the mass fluxes entering the two UZ cells. The solution
provides the flux continuity across the interface between the invert interface cell and UZ cells.
This formulation expects the flux exiting the invert cell (or entering the interface cell) is
approximately equal to the flux exiting the interface cell. This approximation is dependent on
the diffusive length within the interface cell. The error in this approximate solution approaches
zero as the diffusive length of the interface cell approaches zero.
6.5.3.6

L

L
L..

L
L
L.
L

EBS-UZ Boundary Condition Implementation in TSPA

For TSPA, a semi-infinite zero-concentration boundary condition is used for the EBS-UZ
interface. This is approximated by applying an effective zero-concentration boundary at
approximately three drift diameters below the invert-UZ boundary into the UZ. In an alternative
approach, a zero-concentration boundary condition can be used at the interface between the
invert and the UZ, which will result in an unrealistically high diffusive gradient through the
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where D,,,, is the effective UZ matrix diffusion coefficient (cm 2 S-1), 0m, is the matrix water
content (percent), and k,,,e is the matrix effective permeability (in2 ) (BSC 2004 [DIRS 170040],
Equation 6-57):
k.,e = krnkm ,

(Eq. 6.5.3.6-3)

where krmn is the relative permeability of unsaturated zone tuff matrix (dimensionless), which is a
sampled parameter (Table 6.5-6), andkm is the intrinsic permeability of unsaturated zone tuff
matrix (m2) from Table 4.1-8. The value obtained for the effective UZ matrix diffusion
coefficient is applied to the fracture diffusion coefficient as recommended by the Drift-Scale
Radionuclide Transport (BSC 2004 [DIRS 170040], Section 6.4.5, p. 6-42). The sampling of the
input parameters is described in Section 6.5.2.
The diffusive area between the fracture and matrix continua is computed by multiplying the bulk
volume by the fracture interface area, which provides the connection area per unit bulk volume.
This diffusive area is further reduced by the fracture-matrix interface reduction factor, given as
S•fy, where Sef is the effective fracture saturation, and y is the active fracture parameter
(BSC 2004 [DIRS 169861]). The effective fracture saturation (Sef) is computed as:
S

if

-

fr

(Eq. 6.5.3.6-4)

where S,,1, is the fracture water saturation, and SIf is the fracture residual saturation.
The mass flux of radionuclides from the invert domain to the dual continuum UZ, computed at
the boundary of the EBS-UZ interface (between the invert cell and the adjacent UZ matrix and
fracture cells), is passed to the UZ transport model for TSPA calculations as described in
Particle Tracking Model and Abstraction of Transport Processes (B SC 2004 [DIRS 170041]).
In addition to the total mass flux, the relative fraction of the mass going into each of the fracture
and the matrix cells at the EBS-UZ boundary is required by the UZ transport model. This
fracture-matrix partitioning of mass is calculated on the basis of the mass fraction going into the
fracture continuum (compared to the matrix continuum) from the invert domain in the EBS-UZ
interface model. This partitioning is time dependent and captures the temporal processes active
in the EBS, such as varying radionuclide concentrations in the waste form, corrosion products,
and invert domains, and the changing water flux through various subcomponents of the EBS.
Furthermore, this partitioning is computed by solving the mass transport equations for the EBS
and part of the UZ as a coupled system with appropriate boundary conditions and adopting a
modeling approach using the dual continuum invert model saturation results presented in
Multiscale Thermohydrologic Model (BSC 2005 [DIRS 173944]), and the dual continuum
transport model for the UZ (BSC 2004 [DIRS 170041]).
Sorption of radionuclides to the UZ matrix continuum is modeled by applying the devitrified tuff
Kd values from the UZ submodel. For sorption calculations, the mass of UZ matrix continuum is
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calculated as: Vbpb(I - Of), where Vb is the bulk volume of the matrix cell considered (Mi), O f,
(kg m-3).
is the fracture porosity (fraction), and Pbm is the dry bulk density of TSw35 matrix

LJ
LJ
LU

All three types of colloids are transported from the invert to the UZ cells. Groundwater colloids
are present in all four layers. The iron oxyhydroxide and waste form colloids with reversibly
sorbed radionuclides are modeled to be present in only the first two layers of the middle column,
making the groundwater colloid the only type of colloid available for far-field transport,
consistent with colloid-facilitated transport modeled in the UZ as described in Particle Tracking
Model andAbstractionof TransportProcesses (BSC 2004 [DIRS 170041]).
6.6
6.6.1

LI
L.
U.

MODEL FORMULATION FOR ALTERNATIVE CONCEPTUAL MODELS
Bathtub Flow Model

_.

The conceptual model for the TSPA is based on the presence of continuous flow paths through
the patches and stress corrosion cracks that penetrate the waste package. More specifically, the
TSPA model conceptualizes that vertical flow of seepage into the waste package, through the
waste form and out of the waste package is not impeded by the location of patches and stress
corrosion cracks on the surface of the waste package. There is no long-term build-up and
retention of liquid within the waste package for flow and transport. There is also no resistance to
the flow through the waste form. The TSPA approach attempts to maximize the immediate
release and mobilization of radionuclides into the local groundwater environment. This
approach is referred to as the "flow through" geometry.
An alternative conceptual model to the "flow through" geometry is the "bathtub" geometry
(Mohanty et al. 1996 [DIRS 130419]). The bathtub geometry allows seepage to collect within
the waste package before being released to the EBS. In theory, a bathtub geometry could result
in the sudden release of a large pulse of radionuclides when a package overflows with liquid or
when a second patch appears abruptly beneath the water line.
The "bathtub" effect would be most important during the period when only a few patches or
cracks have penetrated the drip shield and waste package. In this situation, there may be
penetrations through the top of the waste package while the bottom surface remains intact,
leading to retention of liquid. At later times, the presence of multiple penetrations makes a
"flow-through" geometry the more likely configuration.
The response of the bathtub geometry is evaluated for a primary case and for three secondary
cases. The primary case includes consideration of two limiting conditions on radionuclide
releases: dissolution rate limited and solubility limited. Tc is typical of dissolution rate limited
radionuclides. The Tc released due to waste dissolution can always be dissolved in the available
water because the solubility limit of Tc is high (BSC 2005 [DIRS 174566], Section 6.14). Np is
typical of the solubility limited type of radionuclide, where the release of Np from dissolution is
limited by its low solubility (BSC 2005 [DIRS 174566], Section 6.6).
The results for the primary case are based on a closed form analytic solution with constant values
of inflow rate, dissolution rate, and solubility. The three secondary cases consider a step change
in inflow rate, such as would occur from a climatic change, a step change in water chemistry, or

L
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Substituting this definition into the left-hand side of Equation 6.6.1.2.1-2 gives:
dfl _ q

dt

.

(Eq. 6.6.1.2.1-4)

V 1.b

The solution to Equation 6.6.1.2.1-4 with initial condition

/J=exp

-•.

=

1I1at I = 0 is:

tI,

(Eq. 6.6.1.2.1-5)

which corresponds to an exponential decay of C1 from CO,,od to C,n,,v.
If the inflow rate were to increase, the concentration would decrease. In a flow-through model,
the concentration would instantaneously decrease, whereas in the bathtub model, the
concentration would exponentially relax to the new concentration. The flow-through model is
then not bounding for concentration released into the EBS. The mass of radionuclide mobilized
is identical, as implied by Equation 6.6.1.2.1-1, but the dissolved concentration varies with the
amount of fluid flowing through the system. However, the TSPA model passes mass to the
unsaturated zone, rather than concentration, so the difference between the flow through model
and the bathtub model for this case is not critical to performance.
Finally, a change in inflow rate during the initial period, when the bathtub is filling, only affects
the value of tf, and hence the delay until the bathtub fills, after which it behaves as described in
Section 6.6.1.1.
In summary, the response of the bathtub model to a change in inflow rate is identical to that of
the flow-through model for solubility-limited radionuclides.
For dissolution-rate-limited
radionuclides, the response of the bathtub model is less bounding than the flow-through model
when the inflow rate decreases (and concentration increases). If the inflow rate increases
(resulting in a decrease in the outflow concentration of radionuclides), the bathtub model is more
bounding than the flow-through model for dissolution-rate-limited radionuclides.
6.6.1.2.2

Change in Inflow Chemistry

Consider a step change in inflow chemistry after the bathtub has filled. Initially, there will be
minor changes in concentration within the bathtub because the bulk of the water retains the
original inflow composition. Eventually the "old" groundwater is flushed out and replaced with
the "new" inflow, resulting in new concentrations within the bathtub.
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Equations 6.6.1.2.3-1 and 6.6.1.2.3-2 have the same value for radionuclide concentration, C,,in
the retained liquid because the chemistry of the groundwater is independent of patch location.
Implicit in Equations 6.6.1.2.3-1 and 6.6.1.2.3-2 is that the second patch in the alternative
conceptual model occurs after the volume of liquid in the waste package in the primary model
has reached steady state.
The flow-through model produces an average release continuously, while the bathtub model with
the alternative flow path produces zero release initially, followed by a high pulse that soon
returns to the same flux as the flow-through model. In other words, the flow-through model
represents a time average of the response of the bathtub model. From this viewpoint, the
potential difference between Fa, and Fpri is partly mitigated by the sorption and diffusion
processes in the unsaturated and saturated zones. The potential difference between F,,t and Fpri
is also small if the second patch appears shortly after the first penetration because there is less
retained liquid.

L
L

U

This alternative can also be thought of as being equivalent to the appearance of additional
penetrations in the waste package. This analogy is appropriate because additional penetrations in
the waste package increase the inflow flux into the waste form, resulting in higher releases to the
EBS. The main effect of the alternative patch geometry model is to generate the increase earlier.
This is not considered a major difference because there is a wide range of variability in corrosion
rates for the TSPA model (BSC 2004 [DIRS 169996]). The effect of the alternative patch ]
geometry model can then be reasonably considered to be captured within this variability.
The results and observations in this section (6.6.1.2.3) and throughout Section 6.6.1 are
appropriate for the general boundary conditions considered here. In other words, this
comparison is based on the full fluid flux into the waste package having access to all
radioisotopes in the waste. The model implemented in TSPA, in which radionuclides are
mobilized in a mass of corrosion products around the fuel pellets, partly mitigates the differences
discussed here. This mitigation occurs because a large fluid flux will not transport radionuclides
at the solubility limit if the mass in solution is limited by the pore volume in a mass of corrosion
products. The situation is then similar to that mentioned at the end of Section 6.6.1.2.1, where
mass transfer to the unsaturated zone is the dominant issue, rather than dissolved concentration.
6.6.1.3

L
L

Summary

The response of the bathtub geometry has been evaluated for a primary case, with constant
boundary conditions and material properties, and for three secondary cases. Analyses for the
three secondary cases consider a step change in inflow rate, a step change in inflow chemistry,
and a change in flow geometry as would occur if a patch suddenly appeared beneath the
waterline. All cases include consideration of two types of radionuclide release mechanisms:
dissolution-rate-limited and solubility-limited. The comparisons are based on closed form
analytic solutions.
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The key conclusions from the evaluation follow:
" The bathtub model introduces a time delay in the release of radionuclides from the waste
package to the EBS in comparison to the flow-through model for the primary case. The
base case flow-through model overestimates releases of radionuclides in relation to the
bathtub geometry for the primary case because there is no delay in release of
radionuclides to the EBS.
" The response of the bathtub model to a step change in inflow rate (secondary case 1) is
identical to the flow-through model for solubility-limited radionuclides. The response of
the bathtub model for dissolution-rate-limited radionuclides is to delay the change in
concentration and mass flux associated with the new inflow rate. The base case
flow-through model overestimates releases of radionuclides with respect to the bathtub
geometry for the case of decreasing inflow, when the concentration of radionuclide
increases. The case of increasing radionuclide concentration is of primary interest from
a performance or regulatory viewpoint since this case will result in greater releases.
" The response of the bathtub model to a step change in inflow chemistry (secondary
case 2) is to delay the change in concentration and mass flux associated with the new
inflow chemistry. Analytical models cannot define the exact time delay, which is
sensitive to nonlinear chemical effects when inflows mix. Limiting cases, when
solubility increases or decreases by several orders of magnitude, have been examined to
define a first order approximation to the response of the chemical system.
The base case flow-through model overestimates releases of radionuclides relative to the
bathtub geometry when solubility or dissolution rate increase with changing inflow
chemistry. The flow-through model has an instantaneous change to the higher
equilibrium value while the bathtub geometry delays the change as the initial inflow is
flushed out of the waste package. Increases in radionuclide concentrations and fluxes
are of primary interest from a performance or regulatory viewpoint, so the
underestimation of releases of radionuclides in the flow-through model for decreasing
solubility or dissolution rate can reasonably be excluded from the TSPA.
o The response of the bathtub model when a second patch opens instantaneously beneath
the water level in the waste package (secondary case 3) has also been analyzed. The
impact of the instantaneous opening is to release a pulse of radionuclides in comparison
to the base case flow-through model. The impact of this alternative conceptual model is
mitigated by the time delays introduced through sorption and diffusion in the
unsaturated and saturated zones. In addition, the higher mass flux from the alternative
flow path is similar to the impact from additional patches opening in the waste package.
There is a wide range of variability in corrosion rates for the TSPA model, and the [
impact from the instantaneous opening is encompassed in the uncertainty in corrosion
rates. The impact of this alternative flow model has therefore been screened out of
TSPA analyses because of the potential mitigation from sorption and diffusion and
because the variability of corrosion rates provides large uncertainty in radionuclide
release rates from the waste package.
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6.6.2

LJ
L

Limited Water Vapor Diffusion Rate into Waste Package

Li

In this alternative conceptual model, a film of adsorbed water cannot form on the surface of
corrosion products if the rate of water consumption by corrosion reactions is greater than the rate
of diffusion of water vapor into the waste package. Until a film of water forms on internal
corrosion products surfaces, diffusive releases of radionuclides through the adsorbed water
cannot occur (according to the in-package diffusion submodel). Thus, the resistance to diffusion
of water vapor through stress corrosion cracks delays releases until all of the corrodible materials
inside a waste package are fully degraded. It is implicit in this alternative conceptual model that
stress corrosion cracks appear before general corrosion patches form; this will not necessarily be
the outcome of TSPA calculations.
The objective is to determine the length of time required to complete the corrosion of internal
component steels, which is equivalent to the delay from the time a waste package is first
breached by stress corrosion cracks until diffusive releases can first take place. This delay can
potentially be important since it provides additional time for decay to reduce the concentration of
radionuclides before they are released from a waste package. The rate of diffusion of water
vapor through stress corrosion cracks into the waste package is estimated and compared with the
rate of consumption of water by corrosion of steel internal components to show that diffusion
rates are less than corrosion rates. Then, at the rate limited by diffusion, the time needed to
corrode the steels completely is calculated to give the delay before diffusive releases of
radionuclides can occur.
An example calculation is presented for a typical set of conditions in the drift and waste package
to estimate the time lag between appearance of stress corrosion cracks and the earliest times
when an adsorbed water film can first form through which radionuclides can diffuse. Suppose
that the temperature of the waste package and drift air is 50'C, the relative humidity in the drift
is 95 percent, and the relative humidity is zero inside the waste package. Letting the humidity be
zero inside the waste package maximizes the water vapor concentration gradient between the
exterior and interior of the waste package. The diffusion distance is Ax = 2.54 cm, the thickness
of the waste package outer lid (BSC 2004 [DIRS 169472]; BSC 2004 [DIRS 167394], Detail A).
This is the outer closure lid, made of Alloy 22, with a circumferential weld in which stress
corrosion cracks may develop. The average diffusive distance is greater - half the length of the
waste package interior, or about 240 cm for a 21-PWR (Note i in Table 6.3-9) - but the cross
sectional area is less in the stress corrosion cracks than in the waste package, so diffusion
through the cracks is the limiting segment of the path.
To calculate the diffusion rate, the concentration of water vapor in humid air is obtained from
psychrometric data. Equations for the determination of psychrometric properties are given by
Singh et al. (2002 [DIRS 161624]). At relative humidity RH (fraction) and temperature T (°C),
the partial pressure of water p,, (Pa) is:
p,= RH p'

(Eq. 6.6.2-1)
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table, the water vapor concentration, C,,, is obtained from Equations 6.6.2-4 and 6.6.2-5 as a
function of relative humidity and temperature. The water vapor flux through stress corrosion
cracks, q, is given by Equation 6.6.2-8. The corrosion rate, rcorr, is the stoichiometrically
equivalent rate of iron consumption that occurs when limited by the water vapor influx, q. The
release delay is the time, tco,,, required to corrode from one side through 10 mm of carbon steel
or 50.8 mm of stainless steel at the rate, rcorr.
This alternative conceptual model provides additional realism compared to the base model by
accounting for the delay in formation of a diffusive pathway for transport of radionuclides due to
water consumption by corrosion reactions. However, data and analyses are not available to
support certain assumptions used in this alternative model. For example, it is not known whether
water will in fact be consumed by corrosion reactions so preferentially that none will adsorb
anywhere inside a breached waste package. In addition, this alternative conceptual model does
not account for possible spatial variations in the extent of corrosion. As an example, if the iron
near the breaches in the outer corrosion barrier is completely corroded before the iron far from a
breach has even begun to corrode, then water adsorption could occur there, forming a diffusive
release pathway before all of the iron in the waste package has been consumed. In that case, this
model would be non-conservative. Because of the lack of data and potentially non-conservative
results, this alternative conceptual model has not been implemented in the TSPA model.
Table 6.6-1.

Summary of Release Delays Resulting from Limitations on Diffusion of Water Vapor
Through Stress Corrosion Cracks
Drift RH

Cwv (mol cM-3)
q (mol H2 0 yr 1 )
rc,,, (mol Fe yr 1)
tcorr, Carbon steel only, Fe 2 0 3
stoichiometry, open stress
corrosion cracks (yr)
tcorr, Carbon steel only, Fe(OH) 3
stoichiometry, open stress
corrosion cracks (yr)
tcorr, Carbon steel only, Fe 20 3
stoichiometry, ý,c, = 0.4 (yr)
tcor, Carbon steel only, Fe(OH) 3
stoichiometry, Oscc = 0.4 (yr)
tcof,,Stainless steel only, Fe 2 0 3
stoichiometry, open stress
corrosion cracks (yr)
tcor,, Stainless steel only,
Fe(OH)3 stoichiometry, open
stress corrosion cracks (yr)
tcorr, Stainless steel only, Fe 20 3
stoichiometry,
0.. = 0.4 (yr)

0.8

0.9
0.95
2
s-1
cm
0.313
=
DAB
T= 500C.

3.67x1027.5
18.3
5,380

4.13x10A
30.9
20.6
4,780

0.99

1.00

4.36x1O-'
32.7
21.8
4,530

4.54x106
34.0
22.7
4,350

4.59x10l
34.4
22.9
4,300

10,900

9,720

9,210

8,840

8,750

13,400

12,000

11,300

10,900

10,800

26,900

23,900

22,600

21,700

21,500

6,530

5,810

5,500

5,280

5,230

13,100

11,600

11,000

10,600

10,500

16,300

14,500

13,800

13,200

13,100
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iron with oxygen is lower than that of iron with water, so the steel components inside a waste
package have a lesser affinity for oxygen than for water.
These calculations indicate that a more accurate mass balance for water and oxygen inside a
waste package could reduce predicted releases of radionuclides to the invert, and thus releases to
the accessible environment. Releases could be delayed for several thousand years compared
with current estimates as the corrosion of fuel baskets and inner vessel components scavenges
water and oxygen that diffuse through small stress corrosion cracks (providing general corrosion
patches do not form first). Formation of a diffusive pathway could then be delayed until
corrosion of iron-based materials is largely completed.

LJ
L)

Despite the potential for delays in releases of radionuclides predicted by these models,
uncertainty exists in the processes that are modeled. The assumption that no water is physically
adsorbed until all steel is corroded is questionable, since adsorption is typically a fast process.
On the other hand, if water consumption by corrosion does keep the relative humidity lower
inside the waste package than outside, the effective water saturation could be less than when
calculated using the humidity of the drift. If this occurs, calculated diffusion coefficients are
simply lower than given by the in-package diffusion submodel, rather than zero, but for the time
required for the internal components to corrode. The net effect is similar to what these
alternative conceptual models predict. The corrosion rates that have been used are for aqueous
conditions, which might exist on a microscopic scale. However, to be consistent with the
assumption here that no adsorbed water film forms, rates in a low-humidity gaseous environment
should be used. This increased realism would increase the time required for complete corrosion
of the steel.

L.
L.i

This alternative conceptual model provides additional realism compared to the base model by
accounting for the delay in formation of a diffusive pathway for transport of radionuclides due to
oxygen consumption by corrosion reactions. However, as with the alternative conceptual model
for limited water vapor diffusion rate into waste package (Section 6.6.2), data and analyses are
not available to support all of the assumptions used in this alternative model. Examples include
to what extent oxygen is needed for corrosion and the extent to which water vapor will compete
with or interfere in diffusion and corrosion reactions. This alternative conceptual model also
does not account for possible spatial variations in the extent of corrosion. Because of the lack of
data and potentially non-conservative results, this alternative conceptual model has not been
implemented in the TSPA model.

L
L

6.6.4

L
U

Dual-Continuum Invert

The LA invert design (BSC 2004 [DIRS 169503]) uses crushed tuff as the invert ballast material.
This material is actually comprised of two pore spaces - intragranular pore space (tuff particle
matrix) and intergranular pore space. Although radionuclide transport by both advection and
diffusion can occur in both pore spaces, the dominant flow and transport processes in each of
these two pore spaces is generally different. In order to simulate flow and transport through the
invert accurately, the invert may be conceptualized as overlapping dual continua and modeled
using a dual-permeability approach (,imfinek et al. 2003 [DIRS 167469], p. 22), wherein flow
and transport occur in both pore spaces, and mass transfer takes place between the two
pore spaces.

U
U
L
L

U
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approximation is dependent on the diffusive length within the interface cell. The error in this
approximate solution will approach zero as the diffusive length of the interface cell
approaches zero.
At the invert-to-UZ interface, there is diffusive transport between both the invert cells and the
UZ matrix and fracture cells. This implies four connections: from invert intergranular to UZ
matrix, from invert intergranular to UZ fracture, invert intragranular to UZ matrix, and from
invert intragranular to UZ fracture. An analysis similar to that for the diffusive conductances
between the corrosion products cell and the dual invert cells (Equations 6.6.4.25-11 through
6.6.4.2-13) would provide expressions for diffusive conductances for each of the four diffusive
flux links. However, for the TSPA, the approximation provided by introducing an interface cell
when diffusing from a single to a dual continuum exits is used. An approximate solution is
obtained by the introduction of two interface cells at the invert-UZ interface. This approach is
identical to that used above for the interface between the corrosion products cell and the invert
dual continuum cells. One interface cell represents a thin slice of the invert intergranular cell,
and the other represents a thin slice of the invert intragranular cell. Let the length of both invert
interface cells be a fraction (an InterfaceScaleFactor) of the invert diffusive length, say,
InterfaceScaleFactor = 10-6:
Lijnl-ert

(Eq. 6.6.4.2-18)

in!=10-6Lmivert

The use of an InterfaceScaleFactor of 10-6 is examined in Section 6.6.4.4.

The diffusive conductance between the invert intergranular cell and the invert intergranular
interface cell is:
1

(Eq. 6.6.4.2-19)

D1inter/inter-int

Linilent

+

Linvert int

( SwDA),.er (oS11 ,.e
-"ivr

D)I,,

while the diffusive conductance between the invert intragranular cell and the invert intragranular
interface cell is:

1

(Eq. 6.6.4.2-20)
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The fluxes of radionuclide species i from the invert intergranular interface cell to the matrixfracture UZ cells are computed with diffusive conductances:
5

D inter-int/UZm =

Li1verr int

ert
in! tii

ANL-WIS-PA-000001 REV 02 ACN 06

6-226

I
+

Luz

(Eq. 6.6.4.2-21)

W .

July 2006

EBS Radionuclide Transport Abstraction

6.6.4.3

Dual-Continuum EBS-UZ Boundary Condition

U

The EBS-UZ boundary condition implementation described in Section 6.5.3.6 is used to obtain a
realistic concentration boundary condition at the invert-UZ interface. For the dual-continuum
invert alternative model, the boundary condition implementation is modified to account for
This
diffusive fluxes from each invert continuum to both UZ fractures and matrix.
implementation is represented in Figure 6.6-3.
The mass flux from either invert continuum flows into the top layer of the middle zone in the
UZ. The intergranular invert advective flux flows into the top middle UZ fracture cell, while the
intragranular invert advective flux flows into the top middle UZ matrix cell. Advective transfer
of water between the two continua is ignored. The diffusive flux from each of the invert
continua can go into both UZ continua based on the concentration gradient and effective
diffusion coefficient. The advective flux flowing through the UZ fracture cells in the middle
zone is given by the greater of the advective flux out of the invert and the steady state UZ
fracture flux. The advective flux in the two outer zones is given by the steady state UZ flow in
each continuum at the repository horizon; the drift shadow effects are ignored in the transport
calculations as a bounding approximation.
The mass flux from the dual continuum invert domain to the dual continuum UZ, computed at
the boundary of the EBS-UZ interface, would be passed to the UZ transport model, which is
described in Particle Tracking Model and Abstraction of Transport Processes (BSC 2004
[DIRS 170041]). In addition to the total mass flux, the relative fraction of the mass going into
each of the fracture and the matrix cells at the EBS-UZ boundary is required by the UZ transport
model. This fracture-matrix partitioning of mass is calculated on the basis of the mass fraction
going into the fracture continuum (compared to the matrix continuum) from the dual continuum
invert domain in the EBS-UZ interface model. This partitioning is time dependent and captures
the temporal processes active in the EBS, such as varying radionuclide concentrations in the
waste form, corrosion products, and invert domains and changing water flux through various
subcomponents of the EBS.
6.6.4.4

U
U
U

.
.
U.

Li
L

Verification of Dual Invert/Dual UZ Diffusive Flux Bifurcation

In this section, calculation of the diffusive flux from a single cell (corrosion products) to dual
invert cells (intergranular invert and intragranular invert) and then to two UZ cells (UZ matrix
and UZ fracture) is tested. These tests show that the approximations in the GoldSim
implementation using an InterfaceScaleFactor of 1.0 x 10-6 are correct and that the
implementation in GoldSim agrees with Microsoft Excel calculations.

L

In this verification test calculation, there is no diffusive communication between the dual
continuum invert cells, and there is no diffusive communication between the UZ matrix/fracture
cells. The corrosion products cell provides a diffusive flux to the dual continuum invert cells.
Each invert cell provides a diffusive flux to both the UZ matrix and fracture cells. For this
verification, at time zero, an initial mass of one gram is released in the corrosion products cell,
while all other cells have initial mass of zero. Parameters controlling diffusion through this test
network were not determined strictly from TSPA data, but were set so that measurable mass
transport to all cells within the network occurs in a reasonable time frame. No parameters were

L

U
L
U
L
L

U
U
U.
U
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Figure 6.6-5 presents the GoldSim solution S3 and the Microsoft Excel solution S2. The
Microsoft Excel solution S2 and GoldSim solution S3 use an Interface Scale Factor
of 1.0 x 10-6. Figure 6.6-5 shows the mass in place for each of the five cells and demonstrates
the excellent agreement between the Microsoft Excel solution and GoldSim solution. After 2
years, the maximum relative error for the corrosion products cell and the two invert cells is
0.2 percent, and the maximum relative error for the two UZ cells is 1.5 percent.
These results confirm that the bifurcation of diffusive flux from a single continuum (corrosion
products domain) to a dual continuum (invert domain) and then to another dual continuum (UZ)
is accurate and properly implemented in GoldSim.
6.6.4.5

Summary of Dual-Continuum Invert Alternative Conceptual Model

This alternative conceptual model treats the crushed tuff in the invert as a dual continuum
comprised of two pore spaces - intragranular pore space (tuff particle matrix) and intergranular
pore space. Although radionuclide transport by both advection and diffusion can occur in both
pore spaces, the dominant flow and transport processes in each of these two pore spaces is
generally different. The invert is conceptualized in this alternative conceptual model as
overlapping dual continua using a dual-permeability approach, wherein flow and transport occur
in both pore spaces, and mass transfer takes place between the two pore spaces. Despite the
potential for increased accuracy compared to the base case, single-continuum model, insufficient
data exist to validate diffusion coefficients in the individual continua. There are also insufficient
data to confirm whether this is a bounding approach with respect to chemical behavior in the
invert. Therefore, the single-continuum model is used in TSPA.
6.6.5

Alternative Invert Diffusion Coefficient Models

The following two alternative models for determining the diffusion coefficient in the invert are
assessed in this section: the single-continuum invert diffusion coefficient model and the
dual-continuum invert diffusion coefficient model.
6.6.5.1

Alternative Single-Continuum Invert Diffusion Coefficient Model

As an alternative to the Archie's law approach for determination of the diffusion coefficient for
the single-continuum invert (Section 6.3.4.1), diffusion through the crushed tuff invert ballast is
modeled using an approach that has been applied to diffusion in soils. Studies generally show
that the bulk diffusion coefficients of soils at high water content decline with the moisture
content and that a Millington-Quirk power law developed for high moisture content overpredicts
the diffusion coefficient at low moisture content (Nye 1979 [DIRS 167377]; Olesen et al. 1999
[DIRS 154588]). The studies also show that, below a critical moisture content, the diffusion
coefficient for granular materials becomes negligible (So and Nye 1989 [DIRS 170588]).
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10-12CM2S-1
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= Oi,,ra,

is used to represent the diffusion coefficient.
For saturated conditions
the intragranular porosity), the diffusion coefficient is set to a value corresponding

100U
to Equation 6.6.5.2-4. For unsaturated grains with moisture content above 8.9 percent, a
power-law extrapolation from the saturated value is used. The overall model proposed for the
intragranular diffusion coefficient is the following power law model:
= D. f/atr 0Ui.

.

Om.Dr

(Eq. 6.6.5.2-5)

'

Dinra= Dlimt,
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where 8 ,,,, is the intragranular moisture content (percent), ntr,, is the intragranular porosity
(fraction), D11,,,,, is the measurement limit, 10-12 cm 2 s-', and 0 m,,, is equal to 8.9 percent. The
exponent p is the slope of Equation 6.6.5.2-5 in a plot of log10 (Dj,,ra) versus logj 0 (0,flra). This
plot is a straight line (in log-log space) between points

given

ý1

'

limit

and (bintra, Dm,).

Thus, p is

by:
P= log, 0 (Djjj - log,0 (D.)

log 10

(

min"'

(Eq. 6.6.5.2-6)

-lIog, j 0 (Anira)

(100)
The dual porosity model for the invert diffusion coefficient follows by specifying values
for the intergranular and intragranular diffusion coefficients.
The intergranular
diffusion coefficient is evaluated from Equation 6.6.5.1-5 and dividing by the intergranular
porosity (i.e., Equation 6.6.5.2-3).
The intragranular diffusion coefficient is evaluated
from Equation 6.6.5.2-5.
The effective bulk diffusion coefficient is determined from
Equation 6.6.5.2-2.
6.6.5.3

Summary of Alternative Invert Diffusion Coefficient Conceptual Models

These conceptual models consider alternatives to Archie's law for determining the diffusion
coefficient in the crushed tuff invert. One variation treats the invert as a single continuum, as in
the base model; the second variation models the invert as a dual continuum comprised of two
pore spaces - intragranular pore space (tuff particle matrix) and intergranular pore space.
Despite the potential for increased accuracy compared to the base case single-continuum model
using Archie's law, insufficient data exist to validate diffusion behavior at very low water
contents. In addition, these alternative conceptual models do not provide upper bounds on
diffusion coefficients, as the Archie's law approach does.
Therefore, invert diffusion
coefficients are computed in TSPA using Archie's law.
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6.6.6

Reversible Sorption of Radionuclides onto Waste Package Corrosion Products

Reversible sorption of radionuclides onto stationary waste package corrosion products will occur
to some extent. However, as a bounding approach in TSPA, reversible sorption of radionuclides
onto stationary corrosion products has been eliminated, i.e., Kd values for all radionuclides are
set to zero (see Section 6.3.4.2.3), and only irreversible sorption of Pu and Am is modeled as
occurring on stationary corrosion products. The alternative conceptual model in this section
describes the alternative approach of allowing for reversible sorption onto stationary corrosion
products by using non-zero Kd values.
Descriptions of sorption based on a Kd are approximate because this approach is empirical, with
little information about underlying mechanisms, and is therefore not easily extendable to
different chemical environments and physical substrates (sorptive media). The use of a linear
isotherm is also approximate because it does not predict saturation of the sorption sites with
sorbed species that may include natural components of the groundwater. The mass of iron
oxyhydroxides from waste package corrosion is large (Table 6.3-4), so each waste package
provides many sites for sorption. For these reasons, the Kd approach is an order of magnitude
measure of contaminant uptake in geologic environments (Davis and Kent 1990
[DIRS 143280]).
The use of the linear isotherm (Kd) approach to represent the subsequent release of radionuclides
into fresh recharge (i.e., the desorption process) can be inconsistent with observations in geologic
media. Typically, contaminants become more closely attached to a mineral surface after
sorption, either adsorbed at high energy sites on the surface or absorbed through overcoating and
buried due to other mineral surface reactions. The net result is that only a fraction of the original
sorbed population remains available at the surface and able to react with adjacent solutions or be
accessed by microorganisms. A linear isotherm (Kd) approach, on the other hand, assumes that
all sorbed radionuclides are freely able to desorb from the substrate.
Sorption distribution coefficients are typically measured for groundwaters and substrates at
ambient or near ambient temperatures. There are few experimental data for sorption distribution
coefficients at the elevated temperatures that may occur in the EBS with either the repository
design and operating mode described in Yucca Mountain Science and Engineering Report
(DOE 2001 [DIRS 153849]) or an alternative thermal operating mode. In this situation, the
available data for sorption distribution coefficients were used to define the ranges of Kd values
for the earlier TSPA analyses, but it is not possible to distinguish alternative thermal operating
modes. The effect of temperature on sorption coefficients was reviewed by Meijer (1990
[DIRS 100780], p. 17). Measured sorption coefficients onto tuffs were higher at elevated
temperature for all elements studied: Am, Ba, Ce, Cs, Eu, Pu, Sr, and U. The conclusion was
drawn that sorption coefficients measured at ambient temperatures should be applicable and
generally bounding when applied to describing aqueous transport from a repository at elevated
temperatures. This conclusion must be tempered by the possibility that elevated temperatures
could result in changes in the near-field mineralogy and water chemistry that are not predictable
by short-term laboratory and field experiments.
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The large role of iron and aluminum oxyhydroxides minerals in controlling overall soil Kd values
is explicitly recognized in the EPA documents. For this reason, one would expect EPA soil Kd
values and EPRI iron oxyhydroxides Kd values to be similar and both to provide a reasonable
approximation of retardation in the waste package corrosion products. There are some caveats,
however, the most important one being that Kd values for a given material and radionuclide are
approximate values that can vary widely depending on the specifics of the measurement
(solid/solution ratio, radionuclide level, time allowed for equilibration). General coherence in an
order-of-magnitude sense is the best that can be expected as the Kd approach does a poor job of
reproducing actual transport profiles; see, for example, Bethke and Brady (2000 [DIRS 154437])
and Reardon (1981 [DIRS 154434]).

L

Table 6.6-7 gives Kd ranges describing retardation in the waste package corrosion products for
the 13 radionuclides that were tracked in the earlier TSPA model, with the minimum Kd and
maximum Kd being the ranges used in this alternative conceptual model. For all but iodine and
technetium, the maximum Kd values are from DTN: LA0003AM831341.001 ([DIRS 148751],
SEP table S00191_002). The maximum Kd value for iodine and technetium is chosen to be
0.6 ml g', which is the approximate maximum Kd value for iodine and technetium specified for
alluvium in saturated zone units in DTN: LA0003AM831341.001 ([DIRS 148751], SEP table
S00191_001).
The minimum Kd values for carbon, cesium, iodine, radium, strontium, and technetium are the
minimum Kd values specified in DTN: LA0003AM831341.001 ([DIRS 148751], SEP table
S00191_002). In order to provide more of a bounding estimate of releases of radionuclides that
have a large impact on dose, the minimum Kd values for actinium, americium, plutonium, and
thorium are reduced by a factor of 10 from the minimum Kd values specified in
DTN: LA0003AM831341.001 ([DIRS 148751] SEP table S00191 002). For the same reason,
the minimum Kd value for protactinium is reduced by a factor of 5 from the minimum Kd value
of 500ml g- specified in DTN: LA0003AM831341.001 ([DIRS 148751], SEP table
S00191_002); this minimum value is corroborated by Evaluation of the CandidateHigh-Level
Radioactive Waste Repository at Yucca Mountain Using Total System PerformanceAssessment,
Phase 5 (EPRI 2000 [DIRS 154149], Table 6-9).
The minimum Kd value for neptunium is reduced by a factor of 500 from the minimum Kd value
of 500ml g- specified in DTN: LA0003AM831341.001 ([DIRS 148751], SEP table
S00191_002); this minimum value is corroborated by Evaltation of the CandidateHigh-Level
Radioactive Waste Repository at Yucca Mountain Using Total System PerformanceAssessment,
Phase 5 (EPRI 2000 [DIRS 154149], Table 6-9) and Review of Geochemistry and Available Kd
Valuesfor Cadmium, Cesium, Chromium, Lead, Plutonium, Radon, Strontium, Thorium, Tritium
(3H), and Uranium. Volume II of Understanding Variation in Partition Coefficient, Kd, Vahles
(EPA 1999 [DIRS 170376], Table 5.17).
Table 6.6-7 also gives distributions for Kd values. For cesium, radium, and strontium, a beta
distribution, as specified in Table 6.6-5 (DTN: LA0003AM831341.001 [DIRS 148751], SEP
table S00191 002), is used in this alternative conceptual model. For carbon, iodine,
protactinium, and technetium, a uniform distribution, as specified in Table 6.6-5
(DTN: LA0003AM831341.001 [DIRS 148751] SEP table S00191_001), is used in this
alternative conceptual model. Whereas a uniform distribution is also specified in Table 6.6-5
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This alternative conceptual model is not used as the base model in TSPA for several reasons.
First, it does not account for limitations on the number of sites available for sorption. Second, it
does not account for competition for sorption sites among the radionuclides that can sorb. Third,
it does not account for competition for sorption sites with radionuclides such as Pu and Am that
sorb irreversibly, which thereby reduce the number of sites available for reversible sorption.
6.6.7

Pu Sorption onto Stationary Corrosion Products and Colloids

As described in Section 6.3.4.2.3.2, the base case TSPA model accounts for limited Pu
desorption from iron oxyhydroxides by incorporating an irreversibly sorbed component. This is
based on available field and laboratory data, which suggest that Pu strongly sorbs onto iron
oxyhydroxide substrates and does not desorb over time periods ranging from months
(experimental studies), to approximately 50 years (field studies of Pu transport at
contaminated sites).
Iron oxides and hydroxides are a primary sorptive sink for many metal ions and metal oxyion
complexes in natural systems. Desorption studies have been done with ferrihydrite and goethite
using Mn(II), Co(II), Ni(II), Cu(II), Pb(II), Zn(II), Cd(II), Cr(III), and the metal complexes
arsenate, chromate, selenate, selenite, and uranyl; Pu(IV) and Pu(V) have also bee examined
(Barney 1984 [DIRS 174702]; Schultz et al. 1987 [DIRS 173028]; Ainsworth et al. (1994
[DIRS 173033]); Payne et al., 1994 [DIRS 174707]; Coughlin and Stone 1995 [DIRS 173030];
Manning and Burau 1995 [DIRS 174725]; Davis and Upadhyaya 1996 [DIRS 173743]); Eick
etal. 1999 [DIRS 174704]; Fendorf et al. 1996 [DIRS 173034]; Fendorf et al. 1997
[DIRS 173031]; Ford et al. 1997 [DIRS 174727]; Grossl et al. 1997 [DIRS 173032]; Sanchez
et al. 1985 [DIRS 107213]; Lu et al. 1998 [DIRS 100946]; Lu et al 1998 [DIRS 174714]).
Adsorption of these metal species onto iron oxyhydroxides is initially very rapid, reaching a
steady-state concentration within minutes to hours; however, slow uptake commonly continues
indefinitely. Desorption is also initially rapid, though generally slower than adsorption. It is
often incomplete, with the fraction of readily desorbed metal a function of the metal/oxide
contact (pre-equilibration) time, the time allowed for desorption, and, in some cases, the
pre-equilibration pH (Schultz et al. 1987 [DIRS 173028]). Continued slow desorption is
commonly observed for the duration of the experiment. For this reason, Schultz et al. (1987
[DIRS 173028]) have stated that the term "slowly reversible sorption" should be preferred over
"irreversible sorption" when discussing metals that remain bound to the sorbent during
desorption re-equilibration. In many cases, though, a fraction of the metal does appear to be
irreversibly sequestered by the iron oxyhydroxide. As a result, there is a decrease in the labile,
or readily available, fraction of metal ions in the system and a drop in the net metal toxicity. As
the sorptive capacity of iron oxides is high, the development of an "irreversibly sorbed" metal
fraction has been suggested to be an efficient mechanism for sequestering inorganic
contaminants in natural environments (Brady et al. 1999 [DIRS 154421 ]).
However, the National Research Council (NRC) has taken the position that the assumption of
irreversible sorption is tenuous, because there has been no agreement to date on the
mechanism(s) responsible for permanent sequestration. The NRC published a report (NRC 2000
[DIRS 174394]) that stated that irreversible sorption models should not be applied to quantitative
models of environmental contamination that aid decision-making on performance or exposure.
With regard to the report on contaminant attenuation of Brady et al. (1999 [DIRS 154421]), the
Li
0)
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products; sorption and retardation characteristics of radionuclides inside the waste package are
discussed in this report (Section 6.3.4.2). When there is no advective transport, diffusive
releases may still occur; a submodel for diffusion inside the waste package is presented
(Section 6.3.4.3). With these models implemented in TSPA, the effectiveness of the waste
package as a feature of the engineered barrier can be quantified with respect to
radionuclide transport.
The invert consists of crushed tuff that can delay releases of radionuclides to the unsaturated
zone. The invert limits diffusive transport of radionuclides out of the engineered barriers by
maintaining unsaturated conditions under the waste package. The invert limits advective and
diffusive transport of radionuclides by sorbing radionuclides onto crushed tuff. A simple model
for computing the diffusion coefficient of the invert as a function of the porosity and water
saturation is presented in this report (Section 6.3.4.1). This enables the effectiveness of the
invert as a feature of the engineered barrier to be quantified when implemented in TSPA.
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7.

VALIDATION

Model validation for the EBS Radionuclide TransportAbstraction was performed in accordance
with LP-2.29Q-BSC, Planning for Science Activities, and LP-SIII.10Q-BSC, Models, and
follows the validation guidelines in the Technical Work Planfor: Near-FieldEnvironment and
Transport: Engineered Barrier System: Radionuclide Transport Abstraction Model Report
Integration(BSC 2005 [DIRS 173617]).
LP-SIII. I OQ-BSC, Models, requires that TSPA model components be validated for their intended
purpose and stated limitations, and to the level of confidence required by the relative importance
of the component to the potential performance of the repository system. Three levels of model
validation are defined in LP-2.29Q-BSC, Planningfor Science Activities, Attachment 3, with the
level of validation increasing with an increasing level of model importance ranging from low to
moderate to high. Models whose variation could lead to a potentially large effect on the estimate
of mean annual dose (e.g., a change greater than I mrem yrl) should receive a high or Level III
model validation. Models whose variation could lead to moderate effect on the estimate of mean
annual dose (less than 1 mrem yr 1 , but greater than 0.1 mrem yr-) should receive Level II
model validation. Level I validation is sufficient for models of less importance to the estimate of
mean annual dose.
The levels of confidence required for the models of the EBS RT Abstraction, as stated in
Section 2.2.2 of the TWP, are given as follows.
The required level of confidence for the EBS flow model is Level I. The required level of
confidence for the EBS transport model is Level II. The required level of confidence for
radionuclide transport from the waste package to the drift wall through the invert is Level I (also
specified in Table I of LP-2.29Q-BSC, Planningfor Science Activities). The EBS-UZ interface
model of the EBS RT Abstraction provides input to the unsaturated zone radionuclide transport
model as described in Particle Tracking Model and Abstraction of Transport Processes
(BSC 2004 [DIRS 170041]). The appropriate level of confidence identified for unsaturated zone
radionuclide transport is Level II. Therefore, Level II also represents appropriate level of
confidence for the EBS-UZ interface model of the EBSRTAbstraction.
Confidence Building During Model Development to Establish Scientific Basis and
Accuracy for Intended Use
For Level I validation, Section 2.2.3 of the TWP (BSC 2005 [DIRS 173617]) cites Attachment 3
of LP-2.29Q-BSC as guidance for documenting a discussion of decisions and activities for
confidence building during model development. Additionally, the development of the model
will be documented in accordance with the requirements of Section 5.3.2(b) of
LP-SIII. I OQ-BSC. The development of the EBS RT Abstraction model has been conducted
according to these requirements and the requisite criteria have been met as discussed below:
1. Selection of input parameters and/or input data, and a discussion of how the selection
process builds confidence in the model [LP-SIII.1OQ-BSC 5.3.2(b) (1) and
LP-2.29Q-BSCAttachment 3 Level I (a)].
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7.1.1

Flux Splitting Submodel

The EBS flux splitting submodel, which is part of the EBS RT Abstraction flow model,
determines the fraction of total dripping flux that will flow through the drip shield and/or waste
package. This submodel is directly related to the waste isolation attribute (i.e., the limited
release of radionuclides from engineered barriers). The amount of water flowing through
engineered barriers, when combined with radionuclide solubility limits and diffusive transport,
defines the mass flux of radionuclides that is mobilized for transport through the EBS to the
unsaturated zone.

U

U
U
U

U

Level I validation is appropriate for the flux splitting submodel, because it is part of the process
for radionuclide transport from waste package to the drift wall through the invert (see Section 7
above). In addition, the flux splitting submodel has the following features:
" The submodel is not extrapolated over large distances, spaces or time.

()

" The submodel has large uncertainties because of the chaotic nature of the flow of
droplets or rivulets on corroded, roughened surfaces.

(--•
L.1

* Sensitivity analyses in the prioritization report Risk Information to Support
Prioritization of Performance Assessment Models (BSC 2003 [DIRS 168796],
Sections 3.3.6 through 3.3.11) show that the flux splitting abstraction will not have a
large impact on dose in the first 10,000 years.
" The flux splitting submodel plays a minor role in TSPA. In the nominal scenario class,
neither the drip shield nor the waste package fails due to general corrosion within the
10,000-year regulatory period (BSC 2004 [DIRS 169996], Section 7.2); if the TSPA
model is run to compute the peak dose, which occurs beyond the 10,000-year regulatory
period, then the flux splitting model will be used in the nominal scenario class. When
the drip shield does fail (beyond the 10,000-year regulatory period in the nominal
scenario class), it is modeled as failing completely in a single time step (BSC 2004
[DIRS 169996], Section 6.3). The early waste package failure modeling case is part of
the nominal scenario class, where the drip shield does not fail within the 10,000-year
regulatory period; thus, the flux splitting submodel is not used. In the igneous scenario
class, neither the drip shield nor the waste package survives an igneous intrusion, so the
flux splitting submodel is not used. Stress corrosion cracking of the drip shield occurs in
the seismic scenario class, but since no advective flux is allowed through the cracks, the
flux splitting submodel is not used. Thus, the flux splitting submodel is actually applied
only in the seismic scenario class when seismic damage occurs to the waste package
from fault displacement leading to fractional failure of the waste package.
This flux splitting submodel is validated through comparison to experimental data. A work plan
entitled Test Plan for: Atlas Breached Waste Package Test and Drip Shield Experiments
(BSC 2002 [DIRS 158193]) defines the experiments used for validation of this flux
splitting submodel.

I
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Products compartment represents the porous material that is formed after the basket materials are
corroded. The Canister compartment represents the failed metal canisters. As with the GoldSim
TSPA model, each compartment is treated as a mixing cell in which radionuclide concentrations
are assumed to be uniform. Mass balances in each compartment account for the various
processes that comprise the model, including transport by diffusion and advection, radioactive
decay and ingrowth, sorption, dissolution, and precipitation.
In the EPRI model, EBS transport parameters are assigned fixed values. Both the Corrosion
Products and corroded Canister compartments have a porosity of 0.42 (EPRI 2000
[DIRS 154149], p. 6-21), less than the initial porosity of a CSNF waste package, 0.58, as
estimated in Section 6.3.4.3.4. The EPRI value accounts for the volume occupied by the oxide.
A lower value for porosity overestimates releases of radionuclides. However, in the in-package
diffusion submodel (Equation 6.3.4.3.5-6), the higher value of porosity increases the estimated
diffusion coefficient by only a factor of 1.5, which is small compared to other uncertainties in
the model.
The EPRI model assumes a fixed water saturation of 0.35 in both the Corrosion Products and
corroded Canister compartments (EPRI 2000 [DIRS 154149], p. 6-21). This value is appropriate
for modeling cases involving advective transport, but overestimates releases of radionuclides for
the expected large fraction of the repository that has no seepage flux, where the only water
present is adsorbed water. The in-package diffusion submodel specifically applies to those
regions and provides a more realistic estimate of saturation as a function of relative humidity.
The EPRI model uses a fixed value for effective diffusion coefficient of 4.645x 10-4 m 2 yr-1 in
both the Corrosion Products and corroded Canister compartments (EPRI 2000 [DIRS 154149],
p. 6-22). This converts to 1.472 x 10-7 cm 2 S-1 or to 1.472 x 10-"1 m2 s-'. For diffusion through
a fully degraded waste package (Equation 6.3.4.3.5-5), this corresponds to a relative humidity
of 97.9 percent. Thus, when the humidity is high, the EPRI model and the in-package diffusion
submodel agree well.
In contrast, the in-package diffusion submodel provides
humidity-dependent diffusion coefficient values.
The EPRI model also specifies fixed diffusive lengths, which are defined as the distance from the
center of the compartment to the interface of the two contacting compartments. For the
Corrosion Products compartment, the diffusion length is 0.046 m; for the Canister compartment,
the diffusion length is 0.025 m (EPRI 2000 [DIRS 154149], p. 6-22). In a well-degraded waste
package, these are reasonable values, comparable to those used in the in-package diffusion
submodel. However, the in-package diffusion submodel accounts for the uncertainty in diffusion
lengths at all times, and provides special treatment at early times when large masses of corrosion
products are not yet formed.
For the conditions assumed in the EPRI model, namely, at later times when the waste package is
extensively corroded, the in-package diffusion submodel agrees quite well with the EPRI model.
The primary differences are that the in-package diffusion submodel accounts for a wider range of
conditions, including times just after breaches first appear in the waste package. In addition, the
in-package diffusion submodel accounts explicitly for the relative humidity, which realistically is
the only source of water when seepage does not occur. And finally, in contrast to the EPRI
model, the in-package diffusion submodel accounts for uncertainty in diffusive path lengths.
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Using the self-diffusion coefficient for water as a bounding value for all radionuclides partially
compensates for not accounting for the effect of temperature on the diffusion coefficient in the
corrosion product domain. See the discussion at the end of Section 6.3.4.3.5.
The compilation below (Table 7.2-1) lists a selection of diffusion coefficients for some trivalent
lanthanides and actinides. Table 7.2-1 also includes some anions not listed in most compilations
but relevant and/or analogous to those expected for radionuclides released from the waste
package. The listing shows that the diffusion coefficients for these species are all smaller than
the self-diffusion of water, by factors ranging from 1.6 to 14.7. In the case of uranium, the
carbonate complexes of the metal species have even smaller diffusion coefficients. Based on the
Stokes-Einstein equation (Bird et al. 1960 [DIRS 103524], p. 514, Equation 16.5-4), the
diffusivity of a solute in a liquid is inversely proportional to the radius of the diffusing particles.
It is therefore expected that other carbonate and hydroxyl complexes, on the basis of the greater
size of the complexes relative to the metal species, will also have smaller diffusion coefficients
than the metal species listed in Table 7.2-1.
As an alternative, four diffusion coefficients could be used. One coefficient could be used for
each charge (mono-, di-, and tri-valent species) and one for the hydroxyl and carbonate
complexes of the actinides and lanthanides. At 25°C, the mono-, di-, and trivalent species have
bounding values of 2.2 x 10-5 cm 2 s-1, 1.2 x 10- cm 2 S-1, 0.7 x 10-5 cm 2 s-1, respectively, as

shown in Figure 7.2-2. Although this alternative model is not used for TSPA, it provides further I
evidence that the use of the self-diffusion coefficient of water bounds the diffusion coefficients
of diffusing radionuclide species in the EBS.
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7.2.2.2

Modification for Porosity and Saturation

Validation of the dependence of invert diffusion coefficient on porosity and saturation is
provided by comparison with measured data obtained independently of the data used for model
development. Data used for validation are obtained from diffusivity measurements for crushed
tuff using electrical conductivity measurements (CRWMS M&O 2000 [DIRS 156680]) and from
direct measurements of diffusivity between machined cubes of tuff (Hu et al. 2001
[DIRS 161623]).
Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993 [DIRS 170709]) obtained
diffusion coefficients from electrical conductivity measurements for various granular materials,
including tuff, with volumetric moisture content ranging from 0.5 percent to 66.3 percent. A
statistical fit of the data (Conca and Wright 1992 [DIRS 100436], Figure 2; Conca et al. 1993
[DIRS 170709], Figure 2; listed in Table 4.1-17) ranging from 1.5 percent to 66.3 percent
volumetric moisture content, based on Archie's law, results in the model used in TSPA
(Section 6.3.4.1.1 and Appendix G):
019 1 = D o DID"863 sI.
S 86W3 1

ND(p=O.033,c'=0.218)

= Do 01' 863 10 ND(pU=o.033,•=o.218)

( Eq 7 . . .2 1
(Eq. 7.2.2.2-1)

where 0 = OSw is the volumetric moisture content (fraction: m3 water m- 3 rock), and ND
represents a normal distribution with a mean, pu, of 0.033 and a standard deviation, a, of 0.218.
The object of this validation is to show that the diffusion coefficient given by Equation 7.2.2.2-1
obtained from the electrical conductivity measurements of Conca and Wright (1992 [DIRS
100436]) and Conca et al. (1993 [DIRS 170709]) tends to overestimate the diffusivity of
invert materials.
The diffusion coefficient has also been determined specifically for tuff, also using electrical
conductivity measurements (CRWMS M&O 2000 [DIRS 156680], Tables A-i and A-2). These
data are listed in Table 7.2-2 and are plotted in Figure 7.2-3, along with the mean value and plus
and minus three standard deviations from Equation 7.2.2.2-1. This plot shows that the fit to the
measured diffusion coefficient data (Equation 7.2.2.2-1) overestimates the diffusion coefficient
relative to The Determinationof Diffiusion Coefficient of Invert Materials (CRWMS M&O 2000
[DIRS 156680], Tables A-I and A-2). This plot was created using Microsoft Excel; see
Appendix G, Worksheet: Validation, p. VII-10.
The electrical conductivity measurements by Conca and Wright (1992 [DIRS 100436]) and
Conca et al. (1993 [DIRS 170709]) use conductivity as an analog for diffusivity. While the
analog is known to be valid in fully saturated media, its application to unsaturated media,
particularly at low moisture contents, is questionable due to the difficulty in preparing samples
and in making reliable electrical contact between the electrical leads and the samples. To avoid
these problems, Hu et al. (2001 [DIRS 161623]) measured diffusive tracer concentrations in tuff
cubes directly using laser ablation coupled with inductively coupled plasma-mass spectrometry
(LA-ICP-MS), rather than relying on electrical analogs.
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of a thick water film that behaves like bulk water. These measurements provided a bounding
value for the diffusivity of the tracer, comparable to the diffusion coefficient
of 1.48x10- 5 cm 2 s-1 (Table 7.2-1) for its analog, TcO 4 -. In other words, in regions on the tuff
samples that were saturated or at least had high water saturation, the direct diffusivity
measurements agreed with theoretical predictions.
Hu et al. also measured tracer concentrations at greater depths into the cube by using the laser
ablation technique to probe into the surface. They found that internal diffusion coefficients, at
depths of 60-410 pm, were on the order of 10-12 cm 2 s-1 (Hu et al. 2001 [DIRS 161623], p. 22).
The measured volumetric water content of the tuff matrix was 8.9 percent (Hu et al. 2001
[DIRS 161623], p. 25). The mean diffusion coefficient predicted by the invert diffusion
properties submodel (Equation 7.2.2.2-1) would then be 2.6 x 10-7 cm 2 S-1. This is a factor
of 105 larger than the measurement. Thus, the diffusion coefficient throughout most of a grain of
crushed tuff is lower than that predicted by the invert diffusion properties submodel. This
provides corroborating evidence that the invert diffusion properties submodel overestimates
releases of radionuclides from the EBS. These data also show that the overestimation of
diffusivities in the invert diffusion properties submodel may be excessive. However, insufficient
data exist to reduce the uncertainty in this model, and, if this additional uncertainty were
included in the invert diffusion submodel, estimated releases of radionuclides from the EBS
would be reduced and no longer be bounding. Because the model has a low impact on repository
performance, the degree of uncertainty in this model is acceptable for TSPA.
[

L

L'L
L

..

The study by Hu et al. (2001 [DIRS 161623]) was primarily a development of the technique for
using LA-ICP-MS of microscale profiling of the distribution of diffusing tracers. However, in
the process, some preliminary data were obtained that can be used to corroborate the electrical
conductivity measurements of Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993
[DIRS 170709]).
Sections 7.2.1 and 7.2.2 have demonstrated that the component models of the EBS transport
model meet Level II validation. Based on the validation results, the EBS transport model is
adequate for its intended use.

L

Results of Independent Model Validation Technical Review of the EBS Flow and
Transport Models

L
L

7.2.3

An independent model validation technical review of the EBS flow and transport models was
conducted, as specified in the TWP (BSC 2005 [DIRS 173617], Section 2.2.3). This model
validation approach is justified based on requirements of LP-SIJJ. IOQ-BSC, Section 5.3.2c),
where independent technical review is listed as an appropriate method for model validation. The
results of the independent model validation technical review of the EBS flow and transport
models are presented in a memo, a facsimile of which follows.

L
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7.3

EBS-UZ INTERFACE MODEL

The output of the invert domain feeds into the unsaturated zone through the EBS-UZ interface
model. In the EBS RTAbstraction, the invert is modeled as a single-continuum porous medium
whereas the adjacent UZ is modeled as a dual continuum fracture-matrix medium. The model is
described in detail in Section 6.5.3.6.
The mass flux from the invert flows into the top layer of the middle zone in the UZ. The portion
of the advective flux from the invert that is attributable to the seepage flux (FI) flows into the UZ
fractures. The imbibition flux into the invert (F7) flows out of the invert into the UZ matrix. The
diffusive flux from the invert can go into both UZ continua based on the concentration gradient
and effective diffusion coefficient. The diffusive area remains the same because they are
overlapping continua. The advective flux flowing through the UZ fracture cells in the middle
zone is given by the greater of the advective flux out of the invert and the steady state UZ
fracture flux. The advective flux in the two outer zones is given by the steady state UZ flow in
each continuum at the repository horizon; the drift shadow effects are ignored.
For TSPA, a semi-infinite zero concentration boundary condition is used for the EBS-UZ
interface. This is approximated by applying an effective zero-concentration boundary at
approximately three drift diameters below the invert-UZ boundary into the UZ. By moving the
zero concentration boundary some distance below the invert, a more realistic diffusive gradient
through the invert is achieved.
The EBS-UZ interface model of the EBS RTAbstraction provides input to the unsaturated zone
radionuclide transport model in ParticleTracking Model andAbstraction of TransportProcesses
(BSC 2004 [DIRS 170041]). The appropriate level of confidence identified for unsaturated zone
radionuclide transport is Level II. Therefore, Level II also represents appropriate level of
confidence for the EBS-UZ interface model of the EBS RTAbstraction.
Section 7.3.1.1 describes the semi-analytical fracture-matrix partitioning model that is used to
validate the EBS-UZ interface model of the EBS RTAbstraction. Section 7.3.1.2 compares the
two interface models, and Section 7.3.1.3 provides an evaluation of differences between the two
models and discussion of the applicability and suitability of the EBS-UZ interface model for
TSPA transport modeling.
7.3.1

Validation of EBS-UZ Boundary Condition Implementation in TSPA

In this section, the predictions of the analytical fracture-matrix partitioning model developed in
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]) are compared with the
fracture-matrix partitioning at the EBS-UZ boundary predicted by the EBS RT Abstraction
(Section 6.5.3.6). Because the two models are conceptually different, exact agreement in their
results is not expected. The objective of the validation is to demonstrate qualitative agreement,
i.e., that the trends and general qualitative behavior of the EBS-UZ boundary condition
implementation in the EBS RTAbstraction are also seen in a model that has been independently
developed and uses a completely different solution approach.
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U
7.3.1.2

Comparison of Results from Fracture-Matrix Partitioning Model with Results
from the Modified EBS RTAbstraction

The two models are compared for the predictions of the fraction of mass of radionuclides
released to fractures of the unsaturated zone. The comparison is based on the results of the
Fracture-Matrix Partitioning Model reported in Section 6.4.6 of the Drift-Scale Radionuclide
Transport (BSC 2004 [DIRS 170040]). In that report, calculations are done for the three
infiltration rates (lower, mean and upper) of the glacial transition climate. The calculations
include parameter uncertainty. The EBS-UZ interface model is modified, as discussed below, to
allow comparison of the two models without changing the conceptual design or solution
algorithm. GoldSim V8.01 (Golder Associates 2003 [DIRS 166572]) is used for the EBS RT
Abstraction calculations. The GoldSim run files and the analysis of the results in an Excel
spreadsheet are found in DTN: MO0508SPAFRAPM.000. The results of the comparison are
shown in Figure 7.3-1.
all
In order to compare the EBS RT Abstraction with the fracture-matrix partitioning model,
sampled and time-varying parameters in the EBS and UZ in the TSPA system model are made
consistent with the parameters used in the fracture-matrix partitioning model. Additional
modifications made to the EBS RTAbstraction are listed below:
1.

Delete the upstream waste form and corrosion products domains.

2.

Apply uniform concentration at the top of the invert domain (1000 mg/L). For this
purpose, the radionuclide chosen is 99Tc, because it has no sorption in the invert and
UZ. The inventory for all other radionuclides is set to zero.

3.

Set the seepage flux entering the invert domain to zero, so that the only transport
mechanism is diffusion.

4.

Set the water saturation of invert intragranular continuum to 1.0 (fully saturated) and
the water saturation of the intergranular continuum to zero. For the single continuum
representation of the invert, the bulk water content is computed.

5.

Turn off the imbibition flux entering the invert domain.

6.

Change the diffusive property of the invert domain to match Equation E-1 of
Drift-ScaleRadionuclide Transport (BSC 2004 [DIRS 170040]).

7.

Change the free water diffusion coefficient (DO) to a lognormal distribution with the
mean of logDo of 4.69 and standard deviation of logDo of 0.150, where Do is in
units of mm 2 yrl (thus, the value of Do corresponding to the mean of log D0 is 104.69
= 4.90 x 104 mm 2 yfr", or 1.55 x 10-5 cm 2 s-1), consistent with the approach adopted in
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040], p. E-2 of
Appendix E).

L
U
U
U
U

U

U
L

L)
L)
L;

L

L
L
ANL-WIS-PA-000001

REV 02 ACNO01

7-50

July 2006L

L
L

EBS Radionuclide Transport Abstraction

8.

Change the diffusive thickness in the invert to a uniform distribution between 0.675 m
and 0.806 m, as shown in Drift-Scale Radionuclide Transport (BSC 2004
[DIRS 170040], Appendix G, p. G-8).

9.

Set the diffusive outflow area of the UZ matrix cells to zero, consistent with the
boundary conditions imposed by the fracture-matrix partitioning model Drift-Scale
Radionuclide Transport (BSC 2004 [DIRS 170040], Section 6.4.1). As a result, only
diffusive transport occurs from invert domain to the UZ matrix continuum, and only
advective transport occurs in the UZ matrix continuum.

10. The distance where the flow occurs in the UZ fracture is uniformly sampled between
0 m and the fracture spacing (inverse of fracture frequency). For the UZ matrix, the
flow occurs immediately under the invert. Residual saturation is applied to the UZ
fracture for the part where there is no flow. For the UZ matrix, the flow occurs
immediately under the invert and thus the diffusive thickness of the first layer of the
UZ matrix is set to a small value equal to I x 10.5 m.
11. Set the diffusive mass transfer term between the UZ matrix and fracture continuum
to zero.
12. Ignore the transverse diffusion to the side UZ matrix and fracture cells from the UZ
cells in the middle zone (These zones and cells in the EBS-UZ interface model are
described in Section 6.5.3.6 and Figure 6.5-4).
13. Instead of setting the thickness of the second UZ layer as twice that of the first layer,
the thickness of the second layer is changed to I m.
Figure 7.3-1 (shown below) compares the fraction of the radionuclide mass released to the
fractures as predicted by the fracture-matrix partitioning model (labeled as "F-M Partitioning
Model" in Figure 7.3-1) with the fraction predicted by the EBS-UZ boundary condition
implementation for TSPA in the modified EBS RTAbstraction (labeled as "EBS RT Model" in
Figure 7.3-1). The cumulative distribution function from the EBS RTAbstraction (thick red and
green curves) is based on 100 realizations, while that for fracture-matrix partitioning model is
based on 24 random samples selected for each infiltration case, as discussed in Section 6.4.6 of
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]). The 24 samples are the
minimum required to ensure sampling of hydrologic parameters from each of the four host rock
units (TSw33, TSw34, TSw35, and TSw36). Based on this sample size, it is estimated that
for 95 percent confidence limit, the sample mean is within ±0.41o-s of the population mean,
where a., is the sample standard deviation. Increasing the sample size narrows the estimated
spread around the true mean and improves the accuracy of estimation. For the 100 realizations
performed by the modified EBS RTAbstraction, the estimate of the sample mean for 95 percent
confidence limit is within ±0.2o-, of the population mean. The uncertain parameters for
the 100 realizations are sampled using the Latin Hypercube Sampling methodology employed
by GoldSim.
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The results for the fracture-matrix partitioning model for the three infiltration cases have been
combined (weighted by the probability of each infiltration case) into a single curve (thick blue
curve - "Combined Infiltration") for comparison with the EBS-UZ boundary condition
implementation for TSPA EBS RT Abstraction. The thick red curve shows the results for the
modified EBS RTAbstraction using the single continuum representation of the invert, which is
the base case model used in TSPA. (Though not pertinent to model validation, the modified EBS
RTAbstraction was also run using the dual continuum representation of the invert, an alternative
conceptual model; results are shown as the thick green curve. These thick red and green curves
virtually overlap showing little effect on the mass fraction released to fractures.)

-,

U

U
U
U

)
)

In general, the modified EBS RT Abstraction predicts approximately the same mass fraction
released to fractures compared to the fracture-matrix partitioning model. The difference is due to
the fact that the two models are conceptually different with regard to the placement of fracture
and matrix medium underneath the invert and in computing the flux out of the invert. The
fracture-matrix partitioning model solves the transport equation semi-analytically, whereas the
modified EBS RT Abstraction model uses a finite difference approach. Because of these
differences, a perfect match between the two models is not expected. Nevertheless, the
comparison shows a similar qualitative and quantitative behavior between the two models.

L)

L)

The modified EBS RT Abstraction and the fracture-matrix partitioning model (combined
infiltration curve) agree within a factor about of three. The uncertainty in the three infiltration
curves, shown as error bars in Figures 6-26b and 6-28 of Drift-Scale Radionutclide Transport
(BSC 2004 [DIRS 170040]), is bounded by the "Upper Error Margin" and "Lower Error
Margin" curves in Figure 7.3-1. The thick red (or green) curve falls within the "error margins"
of the individual infiltration case curves, indicating a close match between the modified EBS RT
Abstraction and the fracture-matrix partitioning model.

.,

Although conceptual differences exist between the fracture-matrix partitioning model and the
EBS-UZ interface model in the EBS RT Abstraction, with appropriate modifications to bring
them into closer conceptual alignment, the two models display similar qualitative and
quantitative behavior. The similarity in the results gives confidence that the EBS-UZ interface
model is valid for use in TSPA.

L
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7.3.1.3

L.

Applicability of EBS-UZ Interface Model in TSPA in Comparison with
Fracture-Matrix Partitioning Model

The EBS-UZ interface model of the EBS RTAbstraction is more suitable for TSPA compared to
the fracture-matrix partitioning model for the following reasons:
* The fracture-matrix partitioning model assumes steady state mass transport and is solved
with a semi-analytic solution to the Laplace equation, assuming a constant concentration
boundary at the top of the invert and a variable flux boundary at the bottom. This
approach is restrictive compared to the EBS RT Abstraction, wherein the radionuclide
concentrations will be varying with time. Thus, important transient effects related to
fuel degradation, thermal-hydrology, in-drift chemistry, and seepage are captured in the
EBS RT Abstraction, but may not be captured adequately in the fracture-matrix
partitioning model.
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Fracture-Matrix Partitioning Model Error Margins: BSC 2004 [DIRS 170040], Figures 6-26b and 6-28b.
Output DTN: MO0508SPAFRAPM.000.

Figure 7.3-1. Fracture-Matrix Partitioning for No Seepage Case

" The EBS RT Abstraction is a finite difference type model that treats the EBS processes
and the near-field UZ processes as a coupled system. The upstream boundary condition
is provided by a specified mass flux based on the degradation rate of the waste form and
the radionuclide solubility limits, while the downstream boundary is provided by
assuming a zero concentration boundary at some distance (-3 drift diameters) from the
invert in the UZ. Consequently, the mass flux of radionuclides from the waste package
to the invert and from the invert to the UZ is based on solving the coupled system of
differential equations with realistic boundary conditions. Since the mass flux from the
invert to the UZ is based on the EBS-UZ boundary condition implementation for TSPA
in the EBS RT Abstraction, to be consistent, the mass flux partitioning into the far-field
UZ transport model (FEHM) should also be based on the EBS RT Abstraction, rather
than on the fracture-matrix partitioning model.
" The fracture-matrix partitioning model assumes a discrete fracture network with no
coupling between the fracture and matrix domains. In contrast, the EBS-UZ boundary
condition implementation for TSPA in the EBS RT Abstraction treats the UZ as a dual
continuum (overlapping UZ fracture and matrix continua), with diffusive mass transfer
capability between the two continua. This dual continuum modeling approach is
consistent with the various process-level UZ flow and transport models created for
the YMP.
" The imbibition flux from the surrounding host rock into the intragranular continuum is
modeled in the EBS RT Abstraction, whereas its contribution in the fracture-matrix
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partitioning model is ignored. This flux could potentially carry some radionuclide mass
into the UZ matrix that could lower the partitioning to the fracture continuum, which is
realistic. The fracture-matrix partitioning model may overestimate the fraction released
to the fractures where imbibition flux is significant.
In the regions of the repository where water seeps through the drift, the fracture-matrix
partitioning model arbitrarily proposes putting all the mass from the invert into the UZ
fracture. This is a bounding approach and ignores the matrix pathway, which occupies
most of the area under the invert. The EBS-UZ boundary condition implementation for
TSPA in the EBS RTAbstraction, however, applies a more realistic approach, computing
the fracture-matrix partitioning based on the appropriate set of boundary conditions in
drifts with seepage and including transport in the UZ matrix, as discussed in the second
bullet above. Sections 6.5.3.5 and 6.5.3.6 discuss how the advective flux from the invert
is apportioned between fractures and matrix in the UZ.

U
U

U
U
U

The above comparisons of the results of the two models and their comparative suitability for
TSPA have demonstrated that the EBS-UZ interface model meets Level II validation criteria.
Based on the validation results, the EBS-UZ interface model is suitable for its intended use.
7.3.2

Results of Independent Model Validation Technical Review of the EBS-UZ Interface
Model

An independent model validation technical review of the EBS-UZ interface model was
conducted, as specified in the TWP (BSC 2005 [DIRS 173617], Section 2.2.3). This model
validation approach is justified based on requirements of LP-SIII.l0Q-BSC, Section 5.3.2 c),
where independent technical review is listed as an appropriate method for model validation. The
results of the independent model validation technical review of the EBS-UZ interface model are
presented in a memo (Baker and Grisak 2004 [DIRS 170953]), a verbatim copy of
which follows.

.
.

C

MEMO

..

Date:

July 27, 2004

L

To:

James Schreiber and CliffHoward, Yucca Mountain Project

L

Cc:

L

From

Noreen A. Baker, Gerald E. Grisak, INTERA Inc., Austin, Texas

RE:

Independent Model Validation Technical Review of the EBS-UZ Interface SubModel of the Radionuclide Transport Abstraction Model for the Yucca Mountain
Project

L
L
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8.

CONCLUSIONS

This abstraction defines the conceptual model used to determine the rate of release of
radionuclides from the EBS to the unsaturated zone in the TSPA given the assumptions listed in
Section 5. The EBS RT Abstraction includes algorithms used in the TSPA for computing the
flow of water and the transport of radionuclides through the EBS and specifies how parameters
used in the model are calculated or from what other models they are obtained. This model is
reasonably bounding because it overestimates flow through the drip shield and
into the waste package and transport out of the EBS. At the same time, wherever possible,
it is realistic, not just bounding, within the appropriate range of uncertainty for
TSPA calculations.
8.1

CONCEPTUAL MODEL SUMMARY

This section summarizes the conceptual model for transport of radionuclides from the EBS as
modeled in TSPA. Radionuclide transport out of the waste form and waste package, through the
invert, and into the unsaturated zone is dependent on a complex series of events in the repository.
After the waste packages are emplaced, radioactive decay of the waste will heat the drifts and
locally perturb the normal percolation of water through the mountain. As the drifts cool, some of
the water percolating through the mountain may drip into the drifts and subsequently contact
some of the drip shields. Over time, the drip shield, waste package, and other components of the
EBS are expected to degrade, leading to contact between the water and the waste form, resulting
in the mobilization and transport of radionuclides through the EBS to the unsaturated zone. The
primary transport medium through the EBS is anticipated to be water. Either a thin film of water
or moving water is necessary for radionuclides to be transported out of the waste package and
through the invert to the unsaturated zone.
A number of key factors will affect the mobilization and transport of radionuclides through the
EBS, including barrier effectiveness and transport behavior:
"
"
"
"
"
"
"
"
"

Performance of the drip shields
Performance of the waste packages
Protection provided by cladding
Waste form degradation rates
Entry and movement of water through waste packages
Solubilities of radionuclides
Transport of radionuclides through and out of the waste packages
Transport of radionuclides through the invert below the waste packages
Colloidal transport of radionuclides.

Once the drip shield is breached, water may contact the waste packages. Once a waste package
is breached, water may enter the package as water vapor or as drips. If the cladding around spent
fuel rods or the canister around a vitrified waste form is also breached, radionuclides may start to
dissolve in the water. The concentration of each radionuclide mobilized from the waste form
cannot exceed the radionuclide solubility limit, unless suspended colloids are included. Colloids
are important for two reasons: they may potentially increase the release of radionuclides from
the waste package, and they may potentially increase the transport velocity of radionuclides.
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Table 8.1-1. Summary of EBS Flow Abstraction (Continued)
Flow Pathway, Pathway Flux
8. Flux from the invert into to the
unsaturated zone, Fa

Flow Parameters
F8 = F8 + F7
= F1 + F7

Output DTN: SN0410T0507703.018.

Data Sources and Notes
Total dripping flux portion (F1) of
advective flux from the invert flows into
the UZ fractures, imbibition flux (F6)
flows into the UZ matrix.

I

WP = waste package.

In the transport abstraction, the EBS is modeled as consisting of three domains. The first domain
is the source (i.e., SNF or HLW). The second domain consists of corrosion products from the
degradation of steel waste package internal components. The third domain is the invert. The
physical and chemical properties and conditions are uniform throughout each domain, as though
the contents of the domain were thoroughly and continuously stirred.
Parameters that define the size of the two waste package domains, specifically the volumes and
diffusive path lengths, are summarized in Table 8.2-1. Parameter values that are provided by
other models are identified there. The path length for diffusion through the invert is set to the
average thickness of the invert, 0.597 m.
The mass of corrosion products is a function of time and depends on the corrosion rates of
carbon steel and stainless steel, which are uncertain parameters with values that are sampled in
TSPA. In a seep environment, the corrosion products are fully saturated with water. In a
no-seep environment for CSNF, the water saturation is based on the amount of water adsorbed
onto iron oxide surfaces, which is a function of the relative humidity. The RH is an input to the
transport model that depends on time and location in the repository. Calculation of corrosion
products mass and saturation is discussed in Section 6.5.3.2.
The diffusion coefficient in the corrosion products is based on the self-diffusion coefficient of
water at 25°C as a bounding value for all radionuclides, modified for the porosity and
time-dependent water saturation.
The diffusion coefficient in the invert is also based on the self-diffusion coefficient of water at
25°C as a bounding value for all radionuclides. The effects of porosity and time-dependent
saturation in the invert are incorporated, based on experimental data. The effect of temperature
is also incorporated into the abstraction for the diffusion coefficient. The diffusion coefficient
for colloids is assumed to be 1/ 10 0th of the diffusion coefficient for a dissolved species
(Section 6.3.4.4).
Sorption of radionuclides may occur on corrosion products in the waste package and on crushed
tuff in the invert. Values for sorption distribution coefficients on corrosion products and on
crushed tuff for all radionuclides of interest are determined in Section 6.3.4.2. Kd values for
sorption on corrosion products are set to zero for all radionuclides as a bounding approach; i.e.,
no credit is taken for retardation due to reversibly sorbed radionuclides on stationary
corrosion products.

Li
U
Li
U
U
U

U
U
U
U
U

L
U
U

U
U
U
U
L
U
U
L

L
L
U
U
U
L

L
L
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are not included in DTN: SN0410T0507703.018, as well as the zero Kd values specified for
corrosion products. DTN: SN0508T0503305.003 contains sorption data for goethite and HFO
that are summarized in Table 6.3-6.
In addition, three preliminary output DTNs were created prior to final approval of this
report: DTNs: SN0403T0507703.015, SN0409T0507703.017, and SN0503T0503305.001.
DTNs: SN0410T0507703.018 and MO0506SPAINPAR.000 consist of the tables found in
Sections 8.1 and 8.2 of the EBS RT Abstraction. Differences between the preliminary
and final DTNs are described in Appendices I and J.
Both of the preliminary
DTNs: SN0403T0507703.015 and SN0409T0507703.017 have been superseded by the final
output DTN: SN0410T0507703.018. These two preliminary output DTNs are discussed in
Appendix I solely to provide transparency and traceability for TSPA applications that were
initially developed based on the preliminary DTNs. These two DTNs are not intended for any
other application. Preliminary DTN: SN0503T0503305.001 is used in TSPA and is not intended
for any other application.
Table 8.2-1.

Waste Type

Transport
Properties

Parameters for EBS Transport Abstraction

Seep Case

No-Seep Case

Waste Form Domain (Fuel Rods, HLW, DSNF)
CSNF

Rind volume
and water
volume

Waste form domain consists of fuel rods.
* Rind volume provided by CladdingDegradation
Summary for LA (BSC 2005 [DIRS 172895])

Advection
and Diffusion

Advective flux = volumetric flow rate through the WP
Diffusive area of Waste Form Domain:

• Same as Seep Case

* S, = water saturation in rind = 1.0

" Total exposed surface area of all failed (axially
split) fuel rods, limited to the total surface area of
the waste package.

e No advective flux
Diffusive properties
same as Seep Case

*

" Provided by Cladding DegradationSummary for
LA (BSC 2005 [DIRS 172895])
Diffusion path length:
" Thickness of rind; function of time.
" Provided by CladdingDegradationSummary for
LA (BSC 2005 [DIRS 172895])
Diffusion coefficient in Waste Form Domain, DWF:
*

tZSwDwF = e.3 3S 2 Do

* ý= porosity of rind (BSC 2005 [DIRS 172895])
• S= water saturation in rind = 1.0
* Do = free water diffusion coefficient
(DwF is an effective value defined in the same
manner as D, in Equation 6.3.4.3.5-2.)
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As a bounding approach, no credit is taken for retardation due to reversibly sorbed
radionuclides on waste package corrosion products. Thus, sorption distribution coefficients
are set to zero for all radionuclides (Table 8.2-3; output DTN: MO0506SPAINPAR.000).
Nonzero Kd values, an alternative conceptual model described in Section 6.6.6, are given
in DTN: SN0410T0507703.018.
The ranges and distributions of radionuclide sorption distribution coefficients for sorption
on devitrified unsaturated zone tuff given in Table 4.1-15 (DTN: LA0408AM831341.001
[DIRS 171584]) are assigned to Kd values on crushed tuff in the invert. Correlations for
sampling sorption distribution coefficient probability distributions for devitrified UZ tuff
given in Table 4.1-16 (DTN: LA0311AM831341.001 [DIRS 167015]) are assigned to invert
crushed tuff.
Sorption distribution coefficient (Kd) values and interval probabilities used for
reversible radionuclide sorption on colloids in TSPA calculations are provided byI
DTN: SN0306T0504103.006 [DIRS 164131], Table 1.

Li

L.
L)
,
L)
L)
L)
_)

Parameter ranges and distributions for irreversible sorption of plutonium and americium onto
stationary waste package corrosion products are given in Table 6.3-6 and summarized in output
DTN: SN0508T0503305.003.
Table 8.2-2 summarizes various sampled parameters to be used in the EBS radionuclide transport
abstraction, with the range and distribution of each parameter provided. This table is itself a
summary of Table 6.5-6, which, along with the rest of Section 6.5.2, gives further details about
each parameter and the location in this document where the parameter is developed. A summary
of fixed, single-value parameters to be used in the EBS radionuclide transport abstraction is
given in Table 8.2-3 (output DTNs: SN0410T0507703.018 and MO0506SPAINPAR.000).
Equations used to compute various parameters in the EBS radionuclide transport abstraction are
shown in Table 8.2-4.

.
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Acceptance Criterion
Comparisons.

5-Model

Abstraction

Output

Is

Supported

by Objective

(1) The models implemented in this total system performance assessment abstraction
provide results consistent with output from detailed process-level models and/or
empirical observations (laboratory and field testings and/or natural analogs).
Response: The models implemented in this total system performance assessment abstraction
provide results consistent with output from detailed process-level models and/or empirical
observations (laboratory testings), as described in Sections 6.3, 6.5, and 7. Section 7
provides comparisons of models developed in this model report with other models and
experimental results.
(3) DOE adopts well-documented procedures that have been accepted by the scientific
community to construct and test the numerical models, used to simulate coupled
thermal-hydrologic-chemical effects on radionuclide release. For example, DOE
demonstrates that the numerical models used for high-level radioactive waste
degradation and dissolution, and radionuclide release from the engineered barrier
system, are adequate representations; include consideration of uncertainties; and are
not likely to underestimate radiological exposures to the reasonably maximally
exposed individual and releases of radionuclides into the accessible environment.
Response: The EBS radionuclide transport abstraction uses well-documented procedures in
Section 6.5 that have been accepted by the scientific community to construct and test the
numerical models used to simulate radionuclide release. The abstraction demonstrates that the
numerical models used for radionuclide release from the EBS include consideration of
uncertainties and are not likely to underestimate radiological exposures to the reasonably
maximally exposed individual and releases of radionuclides into the accessible environment.
8.4

RESTRICTIONS FOR SUBSEQUENT USE

This abstraction was developed specifically for application in TSPA. Assumptions and
approximations are made in order to integrate with and be consistent with other models and
abstractions incorporated in TSPA. Therefore, individual submodels should not be used
independently outside of the TSPA framework. This abstraction must be reevaluated if any
models that feed into it are modified.
Use of the three preliminary output DTNs: SN0403T0507703.015, SN0409T0507703.017, and
SN0503T0503305.001 is restricted to providing traceability in TSPA. For any other application,
the
final
output
DTNs: SN0410T0507703.018,
MO0506SPAINPAR.000,
and
SN0508T0503305.003 are to be used.
Differences between the preliminary DTNs:
SN0403T0507703.015 and SN0409T0507703.017 are described in Appendix I. This appendix
also compares the second preliminary DTN: SN0409T0507703.017 with the corresponding final
DTN:
SN0410T0507703.018.
Differences
between
the
two
related
DTNs:
SN0503T0503305.001 and SN0508T0503305.003 are described in Appendix J.
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U
The discretization of the balance Equation B-35 for irreversible Pu mass on the colloids yields
Cn
Clrrv Pu FeO c

n+l

n+l

"1_ n+l1

+ R1

L)

lACpu_aq

1+ (U"+1 + Drigi,_co, + 2)At

cirvPu_Fe, _ C

(Eq. B-53)

U

and for irreversible Pu mass on the corrosion products, Equation B-36 yields
Cn
Cn+l
Crrv Pu FeO CP +

cirrv_Pu_FeOCP

U

-""n+1a t n+l
'ACpu _aq
k•2

-

U

(Eq. B-54)

SAMPLE CALCULATION WITH REPRESENTATIVE PARAMETERS
A sample calculation is performed to demonstrate the solution technique and illustrate the types
of behavior that might be expected in this model. Parameter values used in this sample
calculation are given in Table B-1. Let the solubility, flow velocity, and irreversible reaction
parameters, which are actually time-dependent, be constant over time.
For this set of parameters, the irreversible reactive rates, advective rate, diffusive rates, decay
rate and the dimensionless colloids and corrosion product partition coefficients are:

U

R, = 0.02000 yr"'
1
R 2 = 786 yr
U = 0.04367 yr'L
Dl-efaq =
Drightaq =
Dright_col

0.09127 yr"'
2.229 x 10-' yrl1

L

= 2.229 x 10-' yrl

2 = 2.875 x 10-' yr -'
Kd Fero

c

Kd_ FeOC

L

L

0.20
= 1.965 x 104

KdI,'Fc

=0.60

KdGI;v

= 0.020.

L

The simulation for the mixing cell (Cell 2) concentrations over a 1000-year time interval is
shown in Figure B-2. The dominant rate constant, by several orders of magnitude, is the
irreversible rate constant of the corrosion products, R2 = 786 yrf. This is a result of the large
mass of corrosion products and results in a relative large concentration of irreversibly sorbed Pu
on the corrosion products, clr P_FeO CP* For this simulation, the amount of corrosion product
mass is representative of the total mass of corrosion products in a waste package, and all the
corrosion products are available at initial time. In the TSPA abstraction model, the corrosion
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BOUNDARY FLUXES
Now consider the two boundary flux conditions given in Equations B-1 and B-2. The left or
upstream boundary flux accounts for advection/diffusion of Pu mass in solution (Pu aq) and Pu
mass sorbed to waste form colloids. In this section of the analysis, upstream diffusion of colloids
is ignored, although the TSPA implementation does account for upstream colloid diffusion. The
mass flux rates (kg yf-) at the upstream (left) boundary for the dth time step are:
AdvectivePuaq (kg y-l)

=UvaferCs

Diffusive Pu aq (kg yr'l)

= Det,_aqJvar(Cs - CUq)

AdvectivePuWF-c (kg y-l)

=UvK

DiffusivePuWF-c (kg yr'f)

The right or downstream boundary flux has contributions from advection/diffusion of Pu in
solution and colloid together with advection/diffusion of Irrv_Pu on colloids. There is no
advective or diffusive flux associated with the immobile corrosion products. The mass flux rates
(kg yr-) at the right boundary assuming zero downstream concentrations are:
Advective-Pu aq (kg yf-')

UV..,ot"c._C
afrPu aq

Diffusive Pu aq (kg yf-1)

er
Brigh at

aerC Puaq

=Ug.ard-Fýo-cC•nu_aq

AdvectivePuFeO-c (kg yr-)
DiffusivePuFeO-c (kg yrf-)

= Dright colVwaterKdFeO-cCPu_aq

Advective_IrrvPuFeO_c (kg y-l)

waer Irrv Pu FeO c
U

DiffusiveIrrvPu FeO.c (kg y-l)

Dright col

waterIrryv

Pu FeC-c

AdvectivePuWF-c (kg yr-l)

= UVo,.erEd_, F-cCnuaq

DiffusivePuWFc (kg yri')

--Drigh,_cot J,.a,Crd,
Cn

cCL~oq

AdvectivePuGW-c (kg yFl)

= U-ViaterKd GIIV Cpu_aq

DiffusivePuGW-c (kg yr-)

=

Dright-colViaterKdGIW cCpu_aq"

The total flux at the left boundary (upstream) at the nth time step, F"efi
Fief bddy fotal = U VwaterC +
-

+Uwatergd IF cCs +
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L)

COMPARISON OF OUTPUT DTNs

U

The output from this report consists of three preliminary output DTNs: SN0403T0507703.015,
SN0409T0507703.017
and
SN0503T0503305.001,
and
three
final
output
DTNs: SN0410T0507703.018, SN0508T0503305.003, and MOO506SPAINPAR.000. In this
appendix, the differences between two preliminary output DTNs (SN0403T0507703.015 and
SN0409T0507703.017) are discussed. In addition, the final output DTN: SN0410T0507703.018
is compared with the second preliminary DTN: SN0409T0507703.017. These comparisons
provide traceability for TSPA applications that were initially developed based on the preliminary
output DTNs. Appendix J contains the comparison between DTNs: SN0503T0503305.001 and
SN0508T0503305.003.

U
U

The output in the three DTNs discussed in this appendix consists of tables from Section 8
(Conclusions) of the EBS RT Abstraction. Each of these tables is compared in this appendix.
Numerous editorial revisions were made in converting the first preliminary version of the DTN
to the second preliminary version; because these editorial revisions have no impact on TSPA
results, they are not discussed in this appendix.
TABLE 57 (DTN: SN0403T0507703.015) VS. TABLE 8.1-1 (DTN: SN0409T0507703.017)
Table 57 (Summary of EBS Flow Abstraction) in DTN: SN0403T0507703.015 corresponds to
Table 8.1-1 in DTN: SN0409T0507703.017. The key differences in this table between the two
DTN versions are the expressions for the flux through the drip shield, F2 , and the flux into the
waste package, F4 . In preliminary DTN: SN0403T0507703.015, F2 is expressed as:
F 2 = FlLDS

(Eq. I-1)

PatchfAs/(2LDs).

The parameters are defined in the Table 57 in DTN: SN0403T0507703.015. This equation is
technically correct, but it is expressed more completely in DTN: SN0409T0507703.017 as:
(Eq. 1-2)

F 2 = min[FlNbDsL sDpS,chfAs/(2LDs),Fj].

The parameters are defined in the Table 8.1-1 in DTN: SN0409T0507703.017. Equation 1-2
replicates Equation 6.5.1.1.2-37 in the EBSRTAbstraction. Equations I-1 and 1-2 give the same
result when the number of corrosion patches in the drip shield, NbDs, is one, which is the case in
the WAPDEG model of drip shield failure (BSC 2004 [DIRS 169996], Section 6.3). The min
function in Equation 1-2 provides a numerical check to prevent an unrealistic result of F 2 > FL
from being obtained if the parameter values used in the equation were to give that result.
The same discussion applies to the flux
DTN: SN0403T0507703.015, F 4 , is expressed as:

into

the

waste

F4 = F2 LJ;;ppatcfJ'p/(2Lvp).

package.

In
(Eq. 1-3)

The parameters are defined in the Table 57 in DTN: SN0403T0507703.015.
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This equation is technically
DTN: SN0409T0507703.017 as:

correct,

but

it

is

expressed

F4 = min[F2 NbI,,Ljvppachfj,'p /(2L,;T ),F2 ].

more

completely

in

(Eq. 1-4)

The parameters are defined in the Table 8-1 in DTN: SN0409T0507703.017. Equation 1-4
replicates Equation 6.5.1.1.3-1 in the EBS RTAbstraction. The difference between Equations 1-3
and 1-4 is the definition of LwP_Patch. In Equation 1-3, Lwpp,,tch, is the length of all corrosion
patches in the waste package, whereas in Equation 1-4, LLpa,,tch is the length of each corrosion
patch; thus, the product NbWpLW,_-,Patch in Equation 1-4 is equal to Lwp_Patch in Equation 1-3. The
min function in Equation 1-4 provides a numerical check to prevent an unrealistic result of
F4 > F 2 from being obtained if the parameter values used in the equation were to give that result.
In the Flow Parameter column for Flow Pathway 8 in Table 57 in DTN: SN0403T0507703.015,
a flux F 9 is erroneously included in the equation and is deleted in the final DTN. Since this flux
does not exist, its inclusion in the preliminary DTN has no impact on the TSPA calculation.
The references and comments in the Data Sources & Notes column in Table 8.1-1 in
DTN: SN0409T0507703.017 are updated from Table 57 in DTN: SN0403T0507703.015; these
updates have no impact on TSPA calculations.
TABLE 58 (DTN: SN0403T0507703.015) VS. TABLE 8.1-2 (DTN: SN0409T0507703.017)
In DTN: SN0409T0507703.017, the cross-sectional area for radionuclide transport is clarified in
Table 8.1-2, with references to sections in the report. In DTN: SN0403T0507703.015, the same
parameter is referred to as the flow cross-sectional area in Table 58 and described in vague terms
that prompted a revised description in the final DTN.
References are updated in
DTN: SN0409T0507703.017, Table 8.1-2.
None of these changes has any impact on
TSPA calculations.
TABLE 59 (DTN: SN0403T0507703.015) VS. TABLE 8.2-1 (DTN: SN0409T0507703.017)
In Table 57 in DTN: SN0403T0507703.015, the lower end of the range on sampled parameter
DiffPathLength CP CDSP is erroneously shown as 0.02 m; this error is also found in
Table 63 in DTN: SN0403T0507703.015. Because the correct value, 0.025 m, is included in the
database used for TSPA, this error has no impact on TSPA. In the corresponding table in
DTN: SN0409T0507703.017, Table 8.2-1, the range for this parameter is not shown, since it is
given correctly in Table 8.2-3.
References to parameter sources and sections in the EBS RT Abstraction are updated in
DTN: SN0409T0507703.017. These changes have no impact on TSPA calculations.
TABLE 60 (DTN: SN0403T0507703.015) VS. TABLE 8.2-2 (DTN: SN0409T0507703.017)
Table 8.2-2 in DTN: SN0409T0507703.017 (Kd values for corrosion products) is identical to
Table 60 in DTN: SN0403T0507703.015. Therefore, there is no impact on TSPA calculations.
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U
TABLES 61 & 62 (IDTN: SN0403T0507703.015) VS. TEXT (DTN: SN0409T0507703.017)
Tables 61 and 62 in DTN: SN0403T0507703.015 (Kd values and correlations for the invert) are
replaced in DTN: SN0409T0507703.017 with text clarifying that TSPA is to use UZ Kd values
for the invert. This change has no impact on TSPA calculations.

U
U

TABLE 63 (DTN: SN0403T0507703.015) VS. TABLE 8.2-3 (DTN: SN0409T0507703.017)

U

In Table 63 in DTN: SN0403T0507703.015, sampled parameter DiffPathLengthCPCDSP
is erroneously shown as having a lower end of the range of 0.02 m. Because the correct
value, 0.025 m, is included in the database used for TSPA, this error has no impact on TSPA.
The correct range is shown in Table 8.2-3 in DTN: SN0409T0507703.017. References are
updated in Table 8.2-3 in DTN: SN0409T0507703.017. These changes have no impact on
TSPA calculations.

U

TABLE 64 (DTN: SN0403T0507703.015) VS. TABLE 8.2-4 (DTN: SN0409T0507703.017)
References are updated in Table 8.2-4 in DTN: SN0409T0507703.017. Three parameters were
added to this table to provide a source for the values used in TSPA: DSTotalLength I
(5805 mm), InvertViscosityRef Temp (298.15 K), and InterfaceScaleFactor (1 X 10-6).
These changes have no impact on TSPA calculations. No other changes were made in ]
converting Table 64 to Table 8.2-4.
TABLE 65 (DTN: SN0403T0507703.015) VS. TABLE 8.2-5 (DTN: SN0409T0507703.017)
The following changes were made to convert Table 65 to Table 8.2-5. References to the
equations in the EBS RT Abstraction were added to the Input Description column. In the
Parameter Description for Equation 8-1, clarification of the definition of ND, the truncated
normal distribution, was added. In Equation 8-2, the range of validity was added to the
definition of temperature. In Equation 8-3, the definition of 0, was changed from fraction to
percent, and the equation was modified accordingly by changing the term 0.1380, to
0.001380,m. Equation 8-7 was completely revised in order to clarify the calculation of corrosion
product mass as computed in TSPA over each time interval, from to, when breach occurs, to tf
and tf2, the lifetimes of each type of steel. These changes have no impact on TSPA calculations.
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TABLE 66 (DTN: SN0403T0507703.015) VS. TABLE 8.2-6 (DTN: SN0409T0507703.017)
Table 8.2-6 DTN: SN0409T0507703.017 (Invert Diffusion Coefficient Alternative conceptual
Model Parameters) is identical to Table 66 in DTN: SN0403T0507703.015. Therefore, there is
no impact on TSPA calculations.
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TABLE 67 (DTN: SN0403T0507703.015) VS. TABLE 8.2-7 (DTN: SN0409T0507703.017)
Equation 8-8 was reformulated in the EBS RT Abstraction and revised accordingly in
Table 8.2-7. Because this is an alternative conceptual model, this change has no impact on
TSPA calculations. Equation 8-9, the definitions of 0,nr, and 0 ~,,; were changed from fractions
to percent. This change has no impact on the results.
TABLE 8.1-1 (DTN: SN0410T0507703.018)VS. TABLE 8.1-1 (DTN: SN0409T0507703.017)
The differences in this table (Summary of EBS Flow Abstraction) between the two DTN
versions are the expressions for the flux through the drip shield, F2 , and the flux into the waste
package, F4 . In DTN: SN0409T0507703.017, F2 is expressed as:
F2 = min [FNbDSLDSP 0 ,chfD's (2LDs),F1 J.

(Eq. 1-5)

The parameters are defined in Table 8.1-1 in both DTNs. BecauseLDspatch is defined as the
axial halr-length of each corrosion patch, the factor of 2 should not appear in the denominator.
This equation is presented correctly in DTN: SN0410T0507703.018 as:
F2= min[FjNbsLDS-

J.

Pachfs/ILDS,F,

Similarly, in DTN: SN0409T0507703.017, F4 is expressed in Table 8.1-1 as:
f 1 /(2L,,.p),F2j.
F 4 = min[F2NAFLOT Pa,,hf

(Eq. 1-6)

(Eq. 1-7)

This equation is presented correctly in Table 8.1-1 in DTN: SN0410T0507703.018 as:
F4 = min[F2Nb,1VPLjj

patchf'/
,

IL 1 ,,F2j.

(Eq. 1-8)

These differences have no impact because the correct equations (Equations 1-6 and 1-8) have
been implemented in the TSPA.
TABLE 8.2-4 (DTN: SN0410T0507703.018)VS. TABLE 8.2-5 (DTN: SN0409T0507703.017)
The differences in this table (Calculated Model Inputs Used in the EBS Radionuclide Transport
Abstraction) between the two DTN versions include Equation 8-5 for the effective water
saturation of corrosion products. In DTN: SN0409T0507703.017, this equation is:
Sle"CP = 1.312x 10- 6 yc,(- InRH)-"/2. 45 .

(Eq. 1-9)

This equation, developed in an earlier draft of Section 6.5.1.2.1.4.2 as Equation 6.5.1.2.1-27, is
incorrect. The correct equation (as shown in Section 6.3.4.3.5, Equation 6.3.4.3.5-5 of this
report), is given in DTN: SN0410T0507703.018 as:
Slie.CP

ANL-WIS-PA-000001 REV 02 ACNOJ

= 3.28 x I-6SCp(- InRH)-12.45 .

1-4

(Eq. 1-10)
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SORPTION DATA USED IN TSPA
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The data used in TSPA for the irreversible sorption submodel is contained in a preliminary
output DTN: SN0503T0503305.001. Four of the data points in the preliminary DTN have been
found to be incorrect. The correct data values are listed in Table 4.1-10, and included in the
discrete distributions presented in Table 6.3-6. The data values and discrete distributions are also
included in final output DTN: SN0508T0503305.003. The erroneous data and the sorption
parameter distributions that are used in TSPA are described in this appendix. In some instances,
it refers to DTN: SN0503T0503305.001 as the "uncorrected data set" and to
DTN: SN0508T0503305.003 as the "corrected data set" as a way of differentiating which data
set has the correct values.
The first erroneous data value in preliminary DTN: SN0503T0503305.001 is a sorption site
density for goethite of 1.00 sites nm"2 attributed to Kooner (1993 [DIRS 173819]). This value is
not given in Kooner (1993 [DIRS 173819]) and has been deleted from the discrete distribution
for goethite site density shown in Table 6.3-6. This deletion has two effects. First, the lower end
of the distribution increases from 1.00 sites nm -2 to 1.02 sites nm 2 . Since the upper end of the
distribution is 8.38 sites nm-2, this change results in a reduction of the range of less than 0.3
percent and is expected to have negligible impact on dose calculations in TSPA. The second
effect is to increase the probability of each entry in the distribution, since there are now 56 points
instead of 57. Therefore, each data point now has a probability of 1/56 = 0.01786 instead
of 1/57 = 0.01754. This change in the probability of each entry in the distribution should also
have a negligible effect on TSPA dose calculations.

I

The second data error in preliminary DTN: SN0503T0503305.001 is a total sorption site density

((.)

for goethite of 5.92 sites nm-2. The correct value, as given by Hiemstra and Van Riemsdijk
(1996 [DIRS 173023], p. 498), is 6.15 sites nm-2 (DTN: SN0508T0503305.003).
The third data error in preliminary DTN: SN0503T0503305.001 is a sorption site density for

-

(9

(9)
(9
Li

I
S)
__
_

goethite of 8.83 sites nm- 2 . The correct value, as given by Robertson and Leckie (1997
[DIRS 173763], Table 4), is 8.38 sites nm- 2 (DTN: SN0508T0503305.003).
These second and third data values have a minor impact on the discrete distribution for goethite
site density in preliminary DTN: SN0503T0503305.001, shown in Table J-1, that is sampled in
TSPA. Comparing this with the correct distribution in Table 6.3-6 shows a negligible difference
(see Figure J-1, where the cumulative distribution for goethite site density used in TSPA,
computed in Table J-2, is compared in with the distribution developed in the EBS RT
Abstraction). The maximum value in the range of site densities is larger in Table J-1 due to the
erroneous data point 8.83 sites nm- 2. This point expands the range by about 3%, from a range
of 1.02 to 8.59 sites/nm 2 to a range of 1.02 to 8.83 sites nm- 2. The value being used in TSPA
(8.83) is about 5% greater than the correct value. Since it represents one of 57 data points in the
distribution, the probability that it will be sampled is low (1/57 = 0.01754). Therefore, this error
is expected to have negligible impact on dose calculations in TSPA. The second error, where the
value used in TSPA is 5.92 sites nm- 2 and the correct value is 6.15 sites nm- 2, will also have a
negligible effect. The value used in TSPA is smaller than the correct value by about 4%, and
thus partially offsets the error in the maximum site density. The correct value and the erroneous
value occupy the same position in the distribution, so this error does not alter the shape or range
ANL-WIS-PA-000001 REV 02 ACN01

J-1
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of the distribution. The net effect of these two small errors on dose calculations in TSPA should
be negligible.
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The fourth data error in preliminary DTN: SN0503T0503305.001 is in a value for the
percentage of high-affinity sorption sites for goethite.
Instead of the correct value
2
of 2.7 sites nm" (Hiemstra and Van Riemsdijk 1996 [DIRS 173023], p. 498), an incorrect value
of 2.47 sites nm"2 was used. This value is used to obtain a value for the percentage of highaffinity sorption sites for goethite in Table 6.3-4b. The incorrect site density value resulted in a
value for the percentage of high-affinity sorption sites for goethite of 41.67 percent, whereas the
correct value is 43.90 percent (see Table 6.3-4b). The effect of this error on dose calculations in
TSPA should be negligible, as indicated by Figure J-2, where the cumulative distribution for the
percentage of high-affinity sorption sites for goethite used in TSPA, computed in Table J-2, is
compared in with the distribution developed in the EBS RTAbstraction.
Table J-1 shows discrete probabilities for various values of several parameters. The sum of these
parameters is 1.0, and the cumulative sum at any parameter value is the cumulative (probability)
distribution function, CDF.
One additional deviation from the discrete distributions shown in Table 6.3-6 as shown in
preliminary DTN: SN0503T0503305.001 involves the number of digits of precision used for the
parameters. As discussed in Section 6.3.4.2.3.2, specific surface areas and site density data are
accurate to at most three significant digits due to the difficulty in measuring these parameters and
variability in samples. The high-affinity site percentages are even less precise. The parameters
comprising the discrete distributions in Table 6.3-6 are presented to three significant digits.
However, in the Excel file contained in preliminary DTN: SN0503T0503305.001, the data are
available to 15 digits of precision. These are shown rounded to 9 digits in Table J-1 (goethite
high-affinity site percentages are shown to 11 digits). The differences in precision between the
data in Table 6.3-6 and the parameters used in preliminary DTN: SN0503T0503305.001 will
have a negligible effect on dose calculations and are discussed here solely to provide full
traceability of the data.
Table J-1.

Sample Ranges and Distributions Used for Irreversible Sorption on Stationary Corrosion
Products from the Uncorrected Data Set

Input Name
Relative AbundanceGoethitea

Input Description
Fraction of total iron oxide that is
goethite

GoethiteSAa

Goethite surface area; discrete
distribution

ANL-WIS-PA-000001 REV 02 ACNO0

J-2

Range
0.45 - 0.8

Distribution
Uniform

Specific Surface Area

Probability Level

14.7
20.0
21.0
21.4
27.7
28.5
30.8
32.0
33.0
35.0
37.0
38.0

0.018867925
0.056603774
0.037735849
0.018867925
0.018867925
0.037735849
0.018867925
0.037735849
0.056603774
0.018867925
0.018867925
0.018867925

(M2 g-)

39.9

0.018867925

43.0

0.018867925
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Table J-1.

U
U
U

Sample Ranges and Distributions Used for Irreversible Sorption on Stationary Corrosion
Products from the Uncorrected Data Set (Continued)

Input Name
Goethite SA a
(continued)

Input Description

HFOSA-a

HFO (hydrous ferric oxide)
surface area; discrete distribution

GoethiteSiteDensitya

Goethite site density; discrete
distribution

Range
45.0
47.5
49.0
50.0
52.0
54.0
55.0
55.4
64.3
66.0
70.0
80.0
80.5
81.0
85.0
86.0
105.0
110.0

0.018867925

Specific Surface Area
(M2 g-)

Probability Level

600.0

ANL-WIS-PA-000001 REV 02 ACNO0

J-3

Distribution
0.037735849
0.018867925
0.075471698
0.018867925
0.037735849
0.018867925
0.056603774
0.018867925
0.018867925
0.037735849
0.037735849
0.037735849
0.018867925
0.075471698
0.018867925
0.018867925
0.037735849

1.000

Density (sites nm 2)
1.00000000
1.01513714
1.21013524

Probability Level
0.01754386
0.01754386
0.01754386

1.32484000
1.46000000

0.03508772
0.01754386

1.50000000

0.01754386

1.65500000
1.68000000
1.70000000
1.80000000

0.01754386
0.03508772
0.01754386
0.01754386

1.87000000

0.01754386

1.92704000
1.94573646

0.01754386
0.01754386

1.97220500
2.20000000
2.30000000
2.31000000
2.31903106
2.55000000
2.60000000
2.70000000
2.88600000
2.90000000
3.00000000
3.12251852
3.13144000
3.30000000
3.40000000
4.00000000

0.01754386
0.01754386
0.07017544
0.01754386
0.01754386
0.01754386
0.03508772
0.01754386
0.01754386
0.03508772
0.01754386
0.01754386
0.01754386
0.03508772
0.01754386
0.01754386

4.20000000

0.01754386
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Table J-1.

Sample Ranges and Distributions Used for Irreversible Sorption on Stationary Corrosion
Products from the Uncorrected Data Set (Continued)

Input Name
Goethite Site Density a
(continued)

Input Description

Range
4.60000000
4.84195023
4.90000000
5.00000000
5.52819600
5.92000000
6.30000000
6.31000000
6.60000000
7.00000000
7.20000000
7.40000000
8.00000000
8.16000000
8.58737200
8.83000000

HFOSite Density_a

HFO (hydrous ferric oxide)
site density; discrete distribution

HFOStrongSitesa

Percentage of high affinity HFO
(hydrous ferric oxide)
sites; discrete distribution

1.33333333

1

ANL-WIS-PA-000001 REV 02 ACNOI

Density (sites nm-2 )
0.56480960
1.12961921
1.46850497
1.58146689
1.69442881
1.80739073
2.03331458
2.25923842
2.59812418
2.71108610
4.00000000
5.64809604
Percentage
0.20000000
0.40000000
0.41666667
0.43478261
0.50000000
0.55555556
0.60000000
0.62500000
0.66666667
0.71428571
0.76923077
0.83333333
0.86956522
1.00000000
1.11111111
1.25000000
1.30434783

J-4

Distribution
0.01754386
0.01754386
0.01754386
0.01754386
0.01754386
0.01754386
0.01754386
0.03508772
0.01754386
0.05263158
0.01754386
0.01754386
0.01754386
0.01754386
0.01754386
0.01754386

Probability Level
0.05263158
0.10526316
0.05263158
0.05263158
0.10526316
0.05263158
0.10526316
0.26315789
0.05263158
0.05263158
0.05263158
0.05263158
Probability Level
0.01262626
0.01010101
0.01262626
0.01262626
0.06313131
0.02525253
0.00757576
0.01262626
0.02525253
0.01262626
0.01262626
0.01010101
0.01010101
0.09343434
0.02020202
0.01767677
0.00757576
0.02020202
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Table J-1.

Sample Ranges and Distributions Used for Irreversible Sorption on Stationary Corrosion
Products from the Uncorrected Data Set (Continued)
Input Description

Input Name
-IFO Strong._Sites_a
'continued)

Range

Distribution

1.40000000
1.42857143

14.00000000
20.00000000
Percentage
8.835904628

0.00252525
0.01010101
0.03787879
0.01010101
0.01515152
0.00757576
0.05303030
0.01767677
0.00757576
0.01767677
0.00757576
0.08838384
0.03535354
0.00252525
0.01515152
0.00252525
0.01767677
0.03535354
0.01262626
0.01767677
0.01767677
0.00505051
0.01010101
0.00505051
0.00505051
0.00252525
0.00505051
0.06313131
0.00252525
0.01010101
0.00757576
0.00505051
0.01010101
0.00505051
0.00505051
0.00505051
0.02777778
0.00252525
0.00505051
Probability Level
0.1

11.450381679
12.357581069
22.709163347
23.059866962

0.1
0.1
0.1
0.1

1.50000000
1.53846154
1.66666667
1.87500000
2.00000000
2.08333333
2.14285714
2.17391304
2.30769231
2.50000000
2.77777778
2.91666667
3.00000000
3.04347826
3.12500000
3.33333333
3.50000000
3.57142857
3.84615385
3.88888889
4.00000000
4.16666667
4.34782609
4.37500000
4.66666667
5.00000000
5.38461538
5.55555556
6.00000000
6.25000000
6.66666667
7.00000000
7.14285714
7.69230769
10.00000000

GoethiteStrong.Sites a

Percentage of high affinity goethite
sites; discrete distribution
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able J-1.

Sample Ranges and Distributions Used for Irreversible Sorption on Stationary Corrosion
Products from the Uncorrected Data Set (Continued)

Input Name
oethite Strong_Sitesa
ontinued)
(ci

S
S

Input Description

Range
24.657534247
26.829268293
41.666666667
49.664429530
73.913043478

Distribution
0.1
0.1
0.1
0.1
0.1

ource: Preliminary DTN: SN0503T0503305.001.
&

S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
*

S
*

S
S
S
S
S
S
S
S
S
S

1.0
0.9
0.8
-

0.7

.0 0.6
0
L..

0.

0.5
:•04

0.4

E

0.3
0.2
0.1
0.0
1

2

3

4

5

6

7

8

9

10

Goethite Sorption Site Density, Sites nm-2

Sources:

Uncorrected data set: Table J-2.
Corrected data set: Output DTN: SN0508T0503305.003.

Figure J-1. Comparison of Cumulative Probabilities in Goethite Sorption
Distributions from the Uncorrected and Corrected Data Sets
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Table J-2.

Cumulative Probability Distributions for Goethite Site Density and Percentage of High-Affinity
Goethite Sites from the Uncorrected Data Set
Input Description

Goethite site density (sites nm-2)

ANL-WIS-PA-000001 REV 02 ACNO0

Values
1.00000000

Probability Level

Cumulative Probability

U
U
U

U
U
L)
U

0.01754386

0.01754386

1.01513714

0.01754386

0.03508772

1.21013524
1.32484000

0.01754386
0.03508772

0.05263158
0.08771930

L)

1.46000000

0.01754386

0.10526316

1.50000000

0.01754386

0.12280702

1.65500000

0.01754386

0.14035088

1.68000000

0.03508772

0.17543860

1.70000000

0.01754386

1.80000000

0.01754386

0.19298246
0.21052632

L)
L)
Lý
L)

1.87000000

0.01754386

0.22807018

1.92704000

0.01754386

0.24561404

1.94573646
1.97220500

0.01754386
0.01754386

0.26315790
0.28070176

2.20000000
2.30000000

0.01754386
0.07017544

2.31000000

0.01754386

0.29824562
0.36842106
0.38596492

2.31903106

0.01754386

0.40350878

2.55000000

0.01754386

0.42105264

2.60000000

0.03508772

0.45614036

2.70000000

0.47368422

2.88600000

0.01754386
0.01754386

2.90000000

0.03508772

0.52631580

3.00000000
3.12251852

0.01754386

0.54385966

0.01754386

0.56140352

3.13144000
3.30000000

0.01754386
0.03508772

0.57894738
0.61403510

3.40000000

0.01754386

0.63157896

4.00000000

0.01754386

0.64912282

4.20000000

0.01754386

0.66666668

4.60000000

0.01754386

0.68421054

4.84195023
4.90000000

0.01754386
0.01754386

0.70175440
0.71929826

5.00000000

0.01754386

5.52819600

0.01754386

0.73684212
0.75438598

5.92000000

0.01754386

0.77192984

6.30000000

0.01754386

0.78947370

6.31000000

0.03508772

0.82456142

6.60000000

0.01754386

7.00000000

0.05263158

0.84210528
0.89473686

J-7

U

LýI
L)
L)
Li'

Li'

0.49122808

L:
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Table J-2. Cumulative Probability Distributions for Goethite Site Density and Percentage of High-Affinity
Goethite Sites from the Uncorrected Data Set (Continued)
Input Description
Goethite site density (sites nm 2)
(continued)

Percentage of high-affinity goethite sites

1

Values
7.20000000
7.40000000

Probability Level
0.01754386
0.01754386

8.00000000
8.16000000
8.58737200
8.83000000
8.835904628
11.450381679
12.357581069
22.709163347
23.059866962
24.657534247
26.829268293
41.666666667
49.664429530

0.01754386
0.01754386
0.01754386
0.01754386
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.94736844
0.96491230
0.98245616
1.00000002
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

73.913043478

0.1

1

Cumulative Probability
0.91228072
0.92982458

Source (Values and Probability Levels): Preliminary DTN: SN0503T0503305.001.
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Percentage of Goethite High-Affinity Sites
Sources:

Uncorrected Data Set: Table J-2.
Corrected Data Set: Output DTN: SN0508T0503305.003.

Figure J-2.

Comparison of Cumulative Probabilities in Goethite Percentage of High-Affinity Sites
Discrete Distributions from the Uncorrected and Corrected Data Sets
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1.

PURPOSE

The purpose of this report is to develop and analyze the engineered barrier system (EBS)
radionuclide transport abstraction model, consistent with Level I and Level II model validation,
as identified in Technical Work Planfor: Near-FieldEnvironment and Transport: Engineered
Barrier System: Radionuclide Transport Abstraction Model Report Integration (BSC 2005
[DIRS 173617]). The EBS radionuclide transport abstraction (or EBS RT Abstraction) is the
conceptual model used in the total system performance assessment for the license application
(TSPA-LA) to determine the rate of radionuclide releases from the EBS to the unsaturated
zone (UZ).
The EBS RTAbstraction conceptual model consists of two main components: a flow model and
a transport model. Both models are developed mathematically from first principles in order to
show explicitly what assumptions, simplifications, and approximations are incorporated into the
models used in the TSPA-LA.
The flow model defines the pathways for water flow in the EBS and specifies how the flow rate
is computed in each pathway. Input to this model includes the seepage flux into a drift. The
seepage flux is potentially split by the drip shield, with some (or all) of the flux being diverted by
the drip shield and some passing through breaches in the drip shield that might result from
corrosion or seismic damage. The flux through drip shield breaches is potentially split by the
waste package, with some (or all) of the flux being diverted by the waste package and some
passing through waste package breaches that might result from corrosion or seismic damage.
Neither the drip shield nor the waste package survives an igneous intrusion, so the flux splitting
submodel is not used in the igneous scenario class. The flow model is validated in an
independent model validation technical review. The drip shield and waste package flux splitting
algorithms are developed and validated using experimental data.
The transport model considers advective transport and diffusive transport from a breached waste
package. Advective transport occurs when radionuclides that are dissolved or sorbed onto
colloids (or both) are carried from the waste package by the portion of the seepage flux that
passes through waste package breaches. Diffusive transport occurs as a result of a gradient in
radionuclide concentration and may take place while advective transport is also occurring, as
well as when no advective transport is occurring. Diffusive transport is addressed in detail
because it is the sole means of transport when there is no flow through a waste package, which
may dominate during the regulatory compliance period in the nominal and seismic scenarios.
The advective transport rate, when it occurs, is generally greater than the diffusive transport rate.
Colloid-facilitated advective and diffusive transport is also modeled and is presented in detail in
Appendix B of this report.
Additional submodels and model parameters developed in this model report include:
*

Diffusion inside a waste package. The time-dependent quantity of corrosion products
inside a breached waste package is estimated; this enables the surface area available for
adsorption of water to be approximated, which in turn gives the water volume through
which diffusion of radionuclides may occur.

*

Irreversible sorption onto stationary corrosion products in a breached waste package.
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" Diffusion in the invert, accounting for the dependence of diffusion on porosity,
saturation, and temperature.
" Sorption in the invert.
" EBS-UZ interface model. Implementation in the TSPA-LA includes this model to
provide a realistic concentration boundary condition.
Parameter uncertainty associated with each model and submodel is discussed. The transport
model and the EBS-UZ interface model are validated using corroborative data and models as
well as an independent model validation technical review.
Alternative conceptual models considered include:
•

A "bathtub" flow model in which water must fill a breached waste package before any
can flow out, as opposed to the flow-through model that is used

" Models that show the effect of limitations on diffusion of water vapor and oxygen into a
breached waste package and consequential delays in releases of radionuclides
* A dual-continuum invert flow and transport submodel
* Alternative invert diffusion coefficient submodels
*

Reversible sorption of radionuclides onto waste package corrosion products

*

Pu sorption onto stationary corrosion products and colloids.

Output from the EBS RTAbstraction includes:
* The flow model-the algorithms for computing the flow in each flow path within the
EBS, with parameter values or sources for those parameters used in the model
" The transport model-a model for advective and diffusive transport, specifying the
computational procedure for both commercial spent nuclear fuel (CSNF) and codisposal
waste packages in both the seep environment (where seepage into the drift and
condensation on drift walls occur) and the no-seep environment (where no seepage into
the drift or condensation on drift walls occurs), with parameter values or sources for
those parameters used in the model
" Ranges and distributions for parameters that are uncertain and are sampled in the
TSPA-LA implementation of the EBS R TA bstraction.
Changes from the previous revision:
The corrosion products formed in the waste package are assumed to be a mixed
assemblage of iron (hydr)oxides, namely hydrous ferric oxide (HFO), goethite, and
hematite. These are the solid phases most likely to form from the corrosion of all internal
waste package components, except for fuel rods and spent nuclear fuel (SNF), under the
anticipated moist and oxidizing repository conditions.
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"

The method of calculating sorption of radionuclides onto stationary corrosion products
has been modified. First, reversible sorption of radionuclides onto stationary corrosion
products has been eliminated from the calculation. Second, the number of sites available
for irreversible sorption of Pu and Am onto stationary corrosion products has been
reduced (to a range sampled in TSPA-LA calculations). These modifications were made
in response to calculations that resulted in the prediction of excessive amounts of
radionuclide sorption under certain conditions of waste package chemistry. The changes
to the calculational method now predict that greater quantities of radionuclides remain
unretarded in solution.

* Corrosion product properties used in radionuclide sorption calculations have been
modified to those of goethite and HFO. These phases will likely be present along with
hematite in the corrosion product assemblage in the waste package. Using the aggregate
surface properties of goethite and HFO in TSPA-LA calculations of radionuclide sorption
allows the implementation of a more realistic model for retardation.
" The implementation for codisposal (CDSP) waste packages in TSPA-LA has been
revised. Previously, DSNF was modeled in TSPA-LA as part of the corrosion products
domain, but now DSNF is modeled as a separate sub-domain as part of the waste
form domain.
The scope of this abstraction and report is limited to flow and transport processes. Specifically,
this report provides the algorithms that are implemented in TSPA-LA for transporting
radionuclides using the flow geometry and radionuclide concentrations determined by other
elements of the TSPA-LA model. The EBS RT Abstraction also identifies the important
processes that are evaluated at the process level or component level using analytical or numerical
solutions. Restrictions on the use of this abstraction are discussed in Section 8.4.
This report was prepared to comply with the U.S. Nuclear Regulatory Commission (NRC) rule
for high-level radioactive waste (HLW), 10 CFR Part 63 [DIRS 173273], which requires the
U.S. Department of Energy (DOE) to conduct a performance assessment to demonstrate
compliance with postclosure performance objectives. The results from this conceptual model
allow Bechtel SAIC Company, LLC (BSC) to address portions of the acceptance criteria
presented in Yucca Mountain Review Plan,FinalReport (NRC 2003 [DIRS 163274]).
The following reports provide input to the EBS RTAbstraction:
" Multiscale Thermohydrologic Model
" Thermal Conductivity of the PotentialRepositoiy Horizon
" CalibratedPropertiesModel
" UZ Flow Models and Submodels
" Radionuclide Transport Models UnderAmbient Conditions
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* Analysis of HydrologicPropertiesData
* Drift-Scale Radionuclide Transport.
The following documents use output from the EBSRTAbstraction as direct input:
* In-Package Chemistry Abstraction
• Total System Performance Assessment (TSPA)
Application.
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2.

QUALITY ASSURANCE

Development of this model report and the supporting analyses have been determined to be
subject to the Office of Civilian Radioactive Waste Management quality assurance program, as
discussed in Technical Work Plan for: Near-Field Environment and Transport: Engineered
Barrier System: Radionuclide Transport Abstraction Model Report Integration (BSC 2005
[DIRS 173617], Section 8). Approved quality assurance procedures identified in Section 4 of the
technical work plan have been used to conduct and document the activities described in this
report. Section 8 of the technical work plan also identifies the methods used to control the
electronic management of data during the analysis and documentation activities.
This report provides models for evaluating the performance of the engineered barrier system,
including the drip shields, waste packages, and invert, which are classified in Q-List (BSC 2005
[DIRS 174269]) as Safety Category because they are important to waste isolation, as defined in
AP-2.22Q, ClassificationAnalyses and Maintenance of the Q-List. The results of this report are
important to the demonstration of compliance with the postclosure performance objectives
prescribed in 10 CFR Part 63 [DIRS 173273]. The report contributes to the analysis data used to
support performance assessment; the conclusions do not directly impact engineered features
important to safety, as defined in AP-2.22Q. This report was prepared in accordance with
LP-SIII. IOQ-BSC, Models.
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3.
3.1

USE OF SOFTWARE

MICROSOFT EXCEL

Microsoft Excel 2002 "Add Trendline" capability was used to perform a statistical analysis of
diffusion coefficient values reported in Section 6.3.4.1.1. Microsoft Excel 2002 was also used to
analyze experimental data used to develop and validate the drip shield and waste package flux
splitting submodels (Sections 6.5.1.1.2.4, 6.5.1.1.3, and 7.1.1). A calculation of the potential
mass of corrosion products in fully degraded waste packages, summarized in Table 6.3-4, is
described in Appendix A. A sample calculation to demonstrate the solution procedure used in
the colloid transport model, described in Appendix B, was also carried out using Microsoft
Excel 2002. A complete description of the formulas, inputs, and outputs used in the Microsoft
Excel analysis of the drip shield experimental data is provided in Appendices C (the drip shield
flux splitting submodel), D (the waste package flux splitting submodel), and E (validation of the
flux splitting submodels). The formulas, inputs, and outputs used in Microsoft Excel to perform
the sample colloid transport calculation are presented in Appendix F, and the invert diffusion
properties model analysis is described in Appendix G.
3.2

GOLDSIM

GoldSim V8.01 Service Pack 1 (STN: 10344-8.01 SP1-00) (Golder Associates 2003
[DIRS 166572]) is run on Microsoft Windows 2000 on a Dell workstation with Intel Xeon
processor and was developed to perform dynamic, probabilistic simulations. GoldSim V8.0l
was used in accordance with LP-SI. 11Q-BSC, Software Management. GoldSim calculations
were done in support of validation of models developed in the EBS RT Abstraction (see
Section 7.3.1).
GoldSim calculations were also run to verify an alternative model
implementation in Section 6.6.4.4. GoldSim V8.01 is used in these validation calculations
because it is used in the TSPA-LA model. This software was obtained from Configuration
Management. The use of this software was consistent with the intended use and within the range
of validation of the software. The range of validation is defined by the documented functionality
(i.e., requirements) and the range of acceptable input. The requirements are located in the
Requirements Document for: GoldSimn V8.02, Rev. No. 00, Document ID: 10344-RD-8.02-00

(DOE 2004 [DIRS 169875]). The range of acceptable inputs is element-specific. The rules for
the use of each type of element are discussed in User's Guide, GoldSim ProbabilisticSimulation
Environment (GoldSim Technology Group 2003 [DIRS 166226]).
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4.
4.1
4.1.1

INPUTS

DIRECT INPUT
Data

Inputs in this section are used as direct input data for the models and analyses presented in
Section 6. Tables 4.1-1 through 4.1-6 and Figure 4.1-1 summarize the relevant input data and
the sources for these values. Data in this section are presented as found in the source documents;
unit conversions and manipulation of data are not done in this section, but are performed as
needed in Section 6.
Data uncertainty is addressed in Section 6. In particular, corrosion rates of carbon and stainless
steels are listed in Table 6.5-6 as model input with ranges and distributions determined from the
data in Table 4.1-1.
The breached drip shield experimental test data in Tables4.1-2
through 4.1-6 and Figure 4.1-1 are evaluated in Section 6.5.1, resulting in uncertain model input
parameters listed in Table 6.5-6.
Table 4.1-1.

Input Data for EBS RTAbstraction
Value

Model Input
Rate of corrosion of A 516 and A 27
carbon steels in simulated dilute well J-13
water at 60 0C, long term (_ 1 yr); ECDF
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Rate
(Pm Yr")
65.77
66.75
69.84
70.00
71.25
72.21
72.64
72.87
72.89
73.47
74.29
74.51
74.60
75.41
77.31
79.29
80.00
80.87
83.26
83.66
83.74
85.68
90.97
106.93

ECDF
0.042
0.083
0.125
0.167
0.208
0.250
0.292
0.333
0.375
0.417
0.458
0.500
0.542
0.583
0.625
0.667
0.708
0.750
0.792
0.833
0.875
0.917
0.958
1.000

4-1

Source
DTN: MO0409SPAACRWP.000
[DIRS 172059], spreadsheet
ECDFmeta/s2.xls,worksheet
"A516-Carbon Steel," columns B and
C, rows 5 through 30

August 2005

EBS Radionuclide Transport Abstraction

Table 4.1-1.

Input Data for EBS RTAbstraction (Continued)
Value

Model Input

Rate
(pm yr 1)

ECDF

0.037
0.1016
0.109
0.1524
0.154
0.1778
0.2032
0.2286
0.254
0.2794

0.063
0.125
0.188
0.250
0.313
0.375
0.438
0.563
0.750
0.813

0.51

1.000

Rate of corrosion of 316L stainless steel in
fresh water at 50-100°C; ECDF

Source
DTN: MO0409SPAACRWP.000
[DIRS 172059], spreadsheet
ECDFmeta/s2.xls,worksheet
"316 ss," columns L and M,
rows 5 through 15

ECDF= empirical cumulative distribution function.
Table 4.1-2.

Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface - Dripping on
Crown - Flow into Breaches

Water Input Mass (g)

Breach
Where

Water Collection Mass (g)

Water Was

Drip Location

Tare

Final

Collected

Initial

Final

Single Patch Q(film) Tests (DTN: MO0207EBSATBWP.023 [DIRS 163402])

8 cm right of Patch 4 centerline
Patch 5 centerline
4 cm left of Patch 5 centerline
Patch 4 centerline

-50.32
-228.52
B4
107.60
129.62
-12.66
-176.40
B5
109.40
130.52
-210.48
-344.27
B5
109.18
118.28
52.77
-135.86
B4
107.57
129.82
Multiple Patch Tests (DTN: MO0207EBSATBWP.024 [DIRS 163401])
27 cm right of drip shield center
-0.51
-276.65
B5
109.10
113.59
27 cm left of drip shield center
710.10
433.27
B4
107.77
110.40
81 cm left of drip shield center
755.52
529.3
84
107.18
110.63
81 cm right of drip shield center
768.79
547.67
B5
107.99
111.53
Bounding Flow Rate Tests (DTN: MO0207EBSATBWP.025 [DIRS 163403])
54 cm left of drip shield center
853.83
516.11
B4
107.35
153.76
54 cm left of drip shield center
769.21
680.32
B4
107.73
115.61
27 cm left of drip shield center
857.57
524.88
B4
107.22
110.57
27 cm left of drip shield center
872.20
771.25
B4
107.00
107.65
27 cm right of drip shield center
907.84
529.11
85
109.81
112.26
27 cm right of drip shield centera
782.29
644.57
B5
109.55
114.00
Drip location shown incorrectly as 7 cm in DTN: MO0207EBSATBWP.025 [DIRS 163403]; correct value of
27 cm obtained from Howard 2002 [DIRS 16152
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Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface - Dripping on
Crown - Rivulet Spread Data - 330 from Crown

Table 4.1-3.

I

Drip Location

Left (cm)

Single Patch Q(film) Tests (DTN: MO0207EBSATBWP.023

Right (cm)

Relevant
Patch

IDlRS
163402])

28.5
15.0
8 cm right of Patch 4 centerline
0
28.0
Patch 5 centerline
21
Not
recorded
4 cm left of Patch 5 centerline
26.5
11.0
Patch 4 centerline
Multiple Patch Tests (DTN: MO0207EBSAiBWP.024 [DIR 163401])
29.0
13.0
27 cm right of drip shield center
21.5
21.0
27 cm left of drip shield center
23.5
17.0
center
drip
shield
left
of
81 cm
18.0
20.0
81 cm right of drip shield center
Bounding Flow Rate Tests (DTN: MO0207EBSATBWP.025 [DIRS 163403])
32.0
22.0
54 cm left of drip shield center (High Flow Rate)
30.0
10.5
54 cm left of drip shield center (Low Flow Rate)
19
24
27 cm left of drip shield center (High Flow Rate)
8.0
10.0
27 cm left of drip shield center (Low Flow Rate)
16.5
24.0
27 cm right of drip shield center (High Flow Rate)
13.5
20.0
27 cm right of drip shield center (Low Flow Rate)a
a Drip location shown incorrectly as 7 cm in DTN: MO0207EBSATBWP.025 [DIRS 163403]; correct value
27 cm obtained from Howard 2002 [DIRS 161522], p. 33.

4
5
5
4
5
4
4
5
4
4
4
4
5
5
of

Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface - Dripping on

Table 4.1-4.

Crown - Splash Radius Tests

No. Drips

Comments
Splash Radius (cm)
Right
I
Left
Sp lash Radius Test #1 (DTN: MO0207EBSATBWP.022 [DIRS 163400])

1
2

1.6
26.5

1.6
18.4

Measured at outer fringe
Measured outer fringe

5

37.5

18.4

Measured outer fringe

13
21

37.5
37.5

27.8
31.5

Measured outer fringe
Measured outer fringe

27
38
49

52.8
59.9
25.0

35.0
54.2
29.0

Measured outer fringe
Measured outer fringe
Measured inner cluster

49

72.0

63.2

Measured outer fringe

Measured inner cluster
40.0
40.0
outer fringe
Measured
54.2
72.5
Measured inner cluster
43.0
48.0
Single Patch Q(film) Tests (DTN: MO0207EBSATBWP.023 [DIRS 163402])

60
60
90
_

_

1
j
NOTE:

-

54.5

Patch 5, center, crown

82
86

Patch 4, center, crown
Patch 4, 8 cm right of center, crown

Dash ("-") indicates that no measurements were made.
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Table 4.1-5.

Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface - Dripping at
Off-Crown Locations - Flow into Breaches
Water Input Mass (g)

Breach
Where Water

Water Collection Mass (g)

Was

Drip Location

Tare

Final

Collected

Initial

Final

Single Patch Q(splash Tests (DTN: MO0207EBSATBWP.023 [DIRS 1634021)

Patch 5,
Patch 4,
Patch 4,
Patch 4,
Patch 4,
Patch 5,
Patch 6,
Patch 5,
Patch 6,

17.5 cm left of center, 330
center, 330
17.5 cm right of center, 330
17.5 cm right of center, 16.50
centerline, 16.50
17.5 cm left of center, 16.50
35.5 cm left of center, 16.50
centerline, 16.50
36.5 cm left of center,

529.45
685.41
670.30
667.12
669.72
661.50
661.82
676.13
660.40

439.68
548.20
538.88
516.36
529.82
474.00
519.54
551.39
531.13

B5
B4
B4
B4
B4
B5
B4
B5
B4

108.57
106.86
106.75
106.80
106.98
109.13
107.31
108.60
107.60

108.86
216.70
115.71
108.59
191.33
111.79
108.90
199.16
113.69

between crown and 16.50

Single Patch Q(film) Tests (DTN: MO0207EBSATBWP.023 [DIRS 163402])
Patch 4, 8 cm right of center, 16.50
-0.90
-173.28
B4
107.16
Patch 2, 15 cm right of center, 16.50
36.10
-141.12
B5
109.40
Patch 5, 4 cm left of center, 16.50
-37.20
-210.37
B5
117.40
Patch 4, 8 cm right of center, 330
53.74
-83.70
B4
114.89
Bounding Flow Rate Tests (DTN: MO0207EBSATBWP.025 [DIRS 1634031)
54 cm left of drip shield center, 16.50
850.06
496.63
B4
107.44
54 cm left of drip shield center, 16.50
822.71
715.70
B4
107.71
27 cm left of drip shield center, 16.50
768.00
646.24
B5
109.21
27 cm left of drip shield center, 16.50
868.59
498.18
B4
107.27
27 cm right of drip shield center, 16.50
862.08
522.34
B5
109.33
27 cm right of drip shield center, 16.50
808.93
713.52
B5
109.30
27 cm left of drip shield center, 33*
907.89
540.78
B4
107.17
27 cm right of drip shield center, 33*
835.68
518.08
B5
109.94
54 cm left of drip shield center, 33*
890.39
561.54
B4
107.28
54 cm left of drip shield center, 33*
685.39
584.26
B4
107.32
27 cm left of drip shield center, 33*
-1.99
-98.20
84
109.88
27 cm right of drip shield center, 33*
-121.69
-217.44
B5
110.83
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199.69
109.79
301.94
222.27
277.21
192.26
109.79
110.65
113.57
110.41
108.13
113.52
294.13
190.42
111.06
110.96
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Table 4.1-6.

Atlas Breached Drip Shield Experiments on Smooth Drip Shield Surface - Dripping off
Crown - Rivulet Spread Data - 330 from Crown and at Transition
At Transition

At 330

Patch 4,
Patch 2,
Patch 2,
Patch 5,
54 cm
54 cm
27 cm
27 cm
27 cm
27 cm

f

Drip Location
I Right (cm)
Left (cm)
Right (cm)
Q(film) Single Patch Tests (DTN: MO0207EBSATBWP.023 IDIRS 1634021)
8 cm right of patch center, 16.50
5.5
3.5
13.5
patch center, 16.50
7.5
4.5
19.5
15 cm right of patch center, 16.50
11.5
9.0
18.0
4 cm left of patch center, 16.50
8.5
8.5
N/A
Bounding Flow Rate Tests (DTN: MO0207EBSATBWP.025 [DIRS 163403])

left of drip shield center, 16.50
left of drip shield center, 16.50
left of drip shield center, 16.50
left of drip shield center, 16.50
right of drip shield center, 16.50
right of drip shield center, 16.5*

31.0
8.5
6.0
18.0
13.0
12.0

46.0
10.0
8.0
24.0
27.0
17.0

Left (cm)
N/A
22.0
15.0
N/A

35.0
19.0
17.0
22.0
14.0
16.0

46.0
27.0
16.0
19.0
23.0
19.0

27 cm left of drip shield center, 330

N/A

N/A

11.0

17.0

27 cm right of drip shield center, 33*

N/A

N/A

15.0

17.0

54 cm left of drip shield center, 33*

N/A

N/A

17.0

17.0

27 cm left of drip shield center, 33*

N/A

N/A

9.0

9.5

27 cm right of drip shield center, 33*

N/A

NIA

8.5

10.0

NOTE:

N/A indicates that rivulet spread measurements at drop location are not applicable to this analysis.

I127

2.7'0m

M

Drip Shield End View

(a 6 R)

Drip Shield Side View

(Unfolded to Flat Drip Shield Surface)

o<•35DC_oo1 si

Source: Howard 2002 [DIRS 161516], p. 14.
NOTE:

Figure modified from reference by labeling patches (1-6), adding labels for left and right (side view), and
labeling crown center and transition lines (side view).

Figure 4.1-1.

Dimensions of Drip Shield Mock-Up Used in Breached Drip Shield Experiments on Smooth
Drip Shield Surface
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4.1.2

Parameters and Other Technical Information

Parameters in Tables 4.1-7 through 4.1-17 are used as inputs for the analyses in Section 6.
Uncertainty in certain parameters is discussed in Section 6.
Parameters in Table 4.1-7 are from various editions of the CRC Handbook of Chemistry and
Physics (Weast 1985 [DIRS 111561]); handbooks are established fact and are therefore justified
for use in this report. Input parameters in Table 4.1-8 were developed on the Yucca Mountain
Project (YMP). Input parameters in Table 4.1-9 are from various outside sources, such as
journals and textbooks. A description of each parameter is given following Table 4.1-9, together
with the justification for its use. These inputs thus are considered qualified for their intended use
within this report.
Table 4.1-7.

Parameters for EBS RTAbstraction (Established Fact)

Model Input
Avogadro's number, NA
Water density: at 250C
at 500C
Water viscosity at 25 0 C
Density of hematite (a-Fe203)
Molecular weight of water (H20)
Molecular weight of hematite (Fe 20 3)
Atomic weight of iron (Fe)
Atomic weight of molybdenum (Mo)
Atomic weight of chromium (Cr)
Atomic weight of nickel (Ni)
Atomic weight of aluminum (Al)
NOTE:

Value
6.0221419947 x 1023 mo[1997.0449 kg m-3
988.0363 kg m-3
0.890 mPa-s
5240 kg m-3
0.01801528 kg mol- 1
0.15969 kg mo1-1
0.055847 kg mo1- 1
0.09594 kg mol-1
0.051996 kg mol-1
0.05869 kg mol-1
0.02698154 kg mol- 1

Source
Lide 2002 [DIRS 160832], p. 1-7

Weast 1985 [DIRS 111561], p. F-5
Lide 2000 [DIRS 162229], p. 6-180
Weast 1985 [DIRS 111561], p. B-104
Lide 2002 [DIRS 160832], p. 6-4
Weast 1985 [DIRS 111561], p. B-104
Weast 1985 [DIRS 111561], p. B-102
Weast 1985 [DIRS 111561], p. B-116
Weast 1985 [DIRS 111561], p. B-88
Weast 1985 [DIRS 111561], p. B-118
Weast 1985 [DIRS 111561], p. B-68

Dependence of viscosity on temperature, T (0C), 2000 _ T_5 1000C, reference temperature = 200C

(Weast and Astle 1981 [DIRS 100833], p. F-42):
-2 1.3272(20 - T)- 0.001 053(T - 20)2 .

lo

']

l
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Table 4.1-8.

Parameters for EBS RTAbstraction (Project Sources)
Value

Model Input

Source

Modulus of elasticity for Alloy
22 at 204 0C

196 GPa

DTN: M00107TC239753.000 [DIRS 169973]

Size of patches in Breached
Drip Shield Experiments drip
shield mock-up

0.27 m x 0.27 m

Howard 2002 [DIRS 161516], p. 13

Outer lid surface hoop stress
at depth 0.3988 mm
Porosity of TSw35 tuff rock
matrix

385.0522 MPa

BSC 2004 [DIRS 172203], Table 6-9

0.131 m3 pore vol.
m-3 bulk vol.

Intergranular porosity of
crushed tuff invert ballast

0.45 m3 pore vol.
m-3 bulk vol.

DTN: LB0207REVUZPRP.002 [DIRS 159672],
spreadsheet MatrixProps.xls,row 20,
column C
BSC 2005 [DIRS 173944], Appendix X

Unsaturated zone fracture
frequency for TSw35

Mean = 3.16 m- 1
Std Dev = 2.63 m- 1
Log-normal
Range: 0 - 1
Distribution: Beta
Mean = 9.6 x 10-3
Std Dev = 2.82 x 10-3
Range: 0 - 1
Distribution: Beta
Mean = 0.131
Std Dev = 0.031

Unsaturated zone fracture
porosity for TSw35

Unsaturated zone matrix
porosity for TSw35

BSC 2004 [DIRS 170040], Appendix A,
Table A-1
BSC 2004 [DIRS 170040], Appendix D,
Table D-1

BSC 2004 [DIRS 170040], Appendix D,
Table D-1

DTN: LB0307FMRADTRN.001 [DIRS 165451],
folder U0230_exceltiles.zip, spreadsheet Flow
and Saturation Data from UZ Flow Modelxls,
column D
DTN: LB0307FMRADTRN.001 [DIRS 165451],
folder U0230_excel_files.zip, spreadsheet
FractureResidual Saturation.xls, column E
DTN: LB0307FMRADTRN.001 [DIRS 165451],
folder U0230.excel_files.zip, spreadsheet Flow
and Saturation Data from UZ Flow Model.xls,

Unsaturated zone fracture
saturation

Uniform sampling from 433
locations for each infiltration
case

Unsaturated zone fracture
residual saturation

Uniform sampling from 433
locations

Unsaturated zone fracture
percolation flux

Uniform sampling from 433
locations for each infiltration
case

Unsaturated zone fracture
interface area

9.68 m2 m-3

Unsaturated zone active
fracture parameter for TSw35
for all three infiltration cases

Low = 0.476
Mean = 0.569
High = 0.570

Unsaturated zone fracture
aperture

1.5 x 10-4 m

DTN: LB0205REVUZPRP.001 [DIRS 159525],
spreadsheet FRACTUREPROPERTY.xls,
row 20, column L

Unsaturated zone fracture
diffusion coefficient

Function of matrix water
content and effective
permeability; same as matrix
diffusion coefficient
Uniform sampling from 433
locations for each infiltration
case

BSC 2004 [DIRS 170040], Section 6.4.5,
p. 6-42

column C

Unsaturated zone matrix
saturation
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DTN: LB0205REVUZPRP.001 [DIRS 159525],
spreadsheet FRACTUREPROPERTY.xls,
row 20, column R
DTN: LB03013DSSCP31.001 [DIRS 162379];
BSC 2004 [DIRS 169861], Tables A-1, A-2,
and A-3
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Table 4.1-8. Parameters for EBS RTAbstraction (Project Sources) (Continued)
Source

Value

Model Input
Unsaturated zone matrix
percolation flux

Uniform sampling from 433
locations for each infiltration
case

DTN: LB0307FMRADTRN.001 [DIRS 165451],
folder U0230_excel_files.zip, spreadsheet Flow
and SaturationData from UZ Flow Model.xls,
column F

Unsaturated zone matrix
effective permeability
Unsaturated zone matrix
permeability for TSw35 for all
three infiltration cases

Function of matrix permeability
and relative permeability
Low = 2.33 x 10-18 m2
Mean = 4.48 x 10-18 m2
High = 8.55 x 10-18 m2

BSC 2004 [DIRS 170040], Equation 6-57

Unsaturated zone matrix
relative permeability

Uniform sampling from 433
locations for each infiltration
case

DTN: LB0307FMRADTRN.001 [DIRS 165451],
folder U0230.excel.files.zip, spreadsheet Flow
and SaturationData from UZ Flow Model.xls,
column H

Unsaturated zone dry matrix
density for TSw35
(stratigraphic unit Tptpll)

1.9793 g cm"3

DTN: SN0404T0503102.011 [DIRS 169129],
file ReadMe.doc, Table 7-10

Unsaturated zone fracture
percolation flow-focusing
factor

Uniform sampling from 433
locations for each infiltration
case

DTN: LB0307FMRADTRN.001 [DIRS 165451],
folder U0230_excel.files.zip, spreadsheet
FractureFlux and Water Content with Flow

DTNs: LB0208UZDSCPLI.002 [DIRS 161788],
LB0208UZDSCPMI.002 [DIRS 161243],
and LB0302UZDSCPUI.002 [DIRS 161787];
BSC 2004 [DIRS 1700401, Table 4-6

Focusingrl.xls, Column D

UZ = unsaturated zone.
Table 4.1-9.

Parameters for EBS RTAbstraction (Various Sources)
Value

Model Input
0

Source

Self-diffusion coefficient of water at 25 C
Parameter k in FHH water vapor
adsorption isotherm for Fe 2 03

2.299 x 10' m' s1.1 (dimensionless)

Mills 1973 [DIRS 133392], Table III
Jurinak 1964 [DIRS 154381], p. 486

Parameter s in FHH water vapor
adsorption isotherm for Fe 2 03

2.45 (dimensionless)

Jurinak 1964 [DIRS 154381], p. 486

Water molecule cross-sectional area, A,

10.6 A2

Cementation factor (exponent on porosity
in Archie's law)
Saturation exponent in Archie's law

1.3 (dimensionless)

McCafferty and Zettlemoyer 1970
[DIRS 1543821, p. 454
Bear 1988 [DIRS 101379], p. 116

2 (dimensionless)

Bear 1988 [DIRS 101379], p. 116

2

1

Langmuir 1997 [DIRS 100051], Table 10.2
(natural hematite)

Specific surface area of natural hematite
(Fe20 3)

1.8 m g-

Specific surface area of hematite (Fe 2 0 3)

21.4 m2 9-1

Briand et al. 2001 [DIRS 161617], Table 4

Fuel rod outside diameter (WE 17 x 17)

0.374 in.

DOE 1992 [DIRS 102588], Volume 1, p. 2A-30

Fuel rod length (WE 17 x 17)

151.560 in.

DOE 1992 [DIRS 102588], Volume 1, p. 2A-30

264
DOE 1992 [DIRS 102588], Volume 1, p. 2A-30
Fuel rods per assembly (WE 17 x 17)
Reimus et al. 2002 [DIRS 163008], p. 2.25,
Tuff matrix diffusion coefficient:
Equation 2.5
+
-3.49
=
s-)
(cm2
Loglo Diffusion Coefficient
1.38 x Porosity + 1.65 x Loglo Permeability_(m 2 )
FHH = Frenkel-Halsey-Hill adsorption isotherm equation; WE = Westinghouse Electric; DOE = U.S. Department of
Energy.
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Fuel rod dimensions-The fuel rod dimensions for assembly Westinghouse Electric
(WE) 17 x 17 are given in Characteristics of Potential Repository Wastes (DOE 1992
[DIRS 102588]). This four-volume report is the definitive compilation of the characteristics of
potential repository wastes. The concerns raised by Deficiency Report VAMO-98-D-132
(DOE 1998 [DIRS 123628]) regarding inconsistencies between data reported in Characteristics
of PotentialRepository Wastes (DOE 1992 [DIRS 102588]) and its data sources do not impact
the data used in this analysis with regard to the WE 17 x 17 fuel rods; thus, these data are
considered reliable and are justified as suitable for intended use in this analysis. The
WE 17 x 17 fuel assembly is used as the representative fuel assembly because (1) Westinghouse
fuel assemblies comprise a large fraction (about 21 percent) of all fuel assemblies, (2)
the 17 x 17 configuration comprises about 34 percent of discharged fuel assemblies
(Faruque 1993 [DIRS 170706]), and (3) 21-pressurized water reactor (PWR) waste packages that
will contain the WE 17 x 17 fuel assemblies are the most common type of waste package,
nominally comprising 4,299 of the 11,184 waste packages planned for the repository (BSC 2005
[DIRS 173501], Table 13).
Initial Radionuclide Inventories (BSC 2004 [DIRS 170022], Section 5.1) uses a Babcock and
Wilcox Mark B PWR assembly as representative of PWR systems instead of the WE 17 x 17
assembly used in this analysis. Because the number and dimensions of fuel rods used in the
Babcock and Wilcox Mark B differ from those of the WE 17 x 17 assembly, the choice of a
representative assembly could impact the initial waste package void volume calculation in
Section 6.3.4.3.4. The calculation in that section is used to establish an approximate upper
bound on the porosity of corrosion products and to validate the value of porosity used in
TSPA-LA calculations. Because the estimated bound is not used as output from this analysis, a
variation of a few percentage points is of no consequence. The Babcock and Wilcox Mark B
PWR assembly contains 208 fuel rods, with each rod having a length of 153.68 in. and an outside
diameter of 0.430 in. (DOE 1992 [DIRS 102588], p. 2A-7). Thus, the total volume of fuel rods
in 21 Babcock and Wilcox Mark B assemblies is 1.597 m3 , versus 1.513 m3 in 21 WE 17 x 17
assemblies (see Table 6.3-9). The initial porosity of a 21-PWR waste package using Babcock
and Wilcox Mark B assemblies will then be 0.58, which, to two significant digits, is identical to
the estimated initial porosity using WE 17 x 17 assemblies obtained in Section 6.3.4.3.4.
Therefore, the choice of representative assembly has no impact on this analysis.
The fuel rod length is reported in Characteristicsof PotentialRepository Wastes (DOE 1992
[DIRS 102588], Volume 1, p. 2A-30) as ranging from 151.560 in. to 151.635 in. Because no
distribution for length is given in the reference (which would give some guidance on selecting a
single representative value for length) and because the range is small (less than 0.05 percent
variation from minimum to maximum), the minimum length is used as representative of
the range.
Water molecule cross-sectional area-The cross-sectional area of the water molecule is taken
from the paper "Adsorption of Water Vapour on cx-Fe 20 3" (McCafferty and Zettlemoyer 1970
[DIRS 154382]). The paper was published in Discussions of the FaradaySociety, a publication
started in 1947 and continuing to this day as the FaradayDiscussions under the sponsorship of
the Royal Society of Chemistry. The Royal Society of Chemistry is the largest organization in
Europe for advancing the chemical sciences and is supported by a network of 45,000 members
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worldwide. The McCafferty and Zettlemoyer paper is directly relevant to the Yucca Mountain
repository because hematite (Fe 20 3) is assumed to be part of a mixed assemblage of iron oxides
that comprise the corrosion products in the waste package.
The value of 10.6 A2 per molecule reported by McCafferty and Zettlemoyer (1970
[DIRS 154382], p. 454) is corroborated by Holmes et al. (1974 [DIRS 154379], p. 368), who
also use a value of 10.6 A2 for the cross-sectional area of a water molecule. Jurinak (1964
[DIRS 154381]) assumes a cross-sectional area of 10.8 A2 for a water molecule. Gregg and Sing
(1982 [DIRS 153010], p. 188) state that a "close-packed" monolayer of water corresponds to a
figure of 10.5 A2 for the cross-sectional area of a water molecule.
Self-diffusion coefficient of water at 25°C-The value for the self-diffusion coefficient of
water at 251C is 2.299 x 10-9 m2 s-1 and comes from the paper "Self-diffusion in Normal and
Heavy Water in the Range 1-45"' (Mills 1973 [DIRS 133392]) in the Journal of Physical
Chemistry. The Journal of Physical Chemistry has been published since 1896. Articles are
reviewed by experts in the field, so this coefficient can be considered reliable.
Parameter k in Frenkel-Halsey-Hill (FHH) adsorption isotherm equation water vapor
adsorption isotherm for Fe20 3-The value of the parameter k in the FHH water vapor
adsorption isotherm for Fe 20 3 is 1.1 and comes from the paper, "Interaction of Water with Iron
and Titanium Oxide Surfaces: Goethite, Hematite, and Anatase" (Jurinak 1964 [DIRS 154381])
in the Journalof Colloid Science. The Journal of Colloid Science, now the Journal of Colloid
and Interface Science, has been published since 1947 and is a refereed journal; therefore, the
data in the articles can be considered reliable.
Parameter s in FHH water vapor adsorption isotherm for Fe20 3 -The value of the
parameter s in the FHH water vapor adsorption isotherm for Fe2 0 3 is 2.45 and comes from the
paper "Interaction of Water with Iron and Titanium Oxide Surfaces: Goethite, Hematite, and
Anatase" (Jurinak 1964 [DIRS 154381]) in the Journal of Colloid Science. The Journal of
Colloid Science, now the Journal of Colloid and Interface Science, has been published since
1947 and is a refereed journal; therefore, the data in the paper can be considered reliable.
Cementation factor (exponent on porosity in Archie's law)-The value of 1.3 for the porosity
exponent in Archie's law for unconsolidated sand is taken from the book Dynamics of Fluids in
Porous Media (Bear 1988 [DIRS 101379], p. 116). The value 1.3 is corroborated by the
Handbook of Well Log Analysis for Oil and Gas Formation Evaluation (Pirson 1963
[DIRS 111477]).
Saturation exponent in Archie's law-The value 2.0 for the saturation exponent in Archie's
law for unconsolidated sand is taken from the book Dynamics of Fluids in Porous Media (Bear
1988 [DIRS 101379], p. 116). The value 2.0 is corroborated by Electrical Methods in
Geophysical Prospecting,Volume 10 of InternationalSeries in Electromagnetic Waves (Keller
and Frischknecht 1966 [DIRS 111470]).
Specific surface area of hematite--The specific surface area (surface area per unit mass) of
hematite depends on several factors, including the source of the sample (whether natural or
artificial), preparation of the sample, and the measurement technique. Because in the EBS RT
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Abstraction the specific surface area of hematite represents that of corrosion products, which will
form under a wide range of conditions, this is a sampled parameter in TSPA-LA. The values of
specific surface area of hematite in Table 4.1-9 establish lower and upper bounds of the range to
be sampled. The lower bound value, for natural hematite, is provided by Langmuir (1997
[DIRS 100051]), a widely used textbook on aqueous geochemistry by a reputable, extensively
published author and environmental chemistry researcher. The upper bound value is provided by
a study of catalytic behavior of metal oxides (Briand et al. 2001 [DIRS 161617]) published in the
Journalof Catalysis, a reputable refereed journal. Further discussion and corroboration of the
range of specific surface area of hematite is provided in Section 6.3.4.3.3.
Tuff matrix diffusion coefficient correlation-The diffusion coefficient correlation for tuff
matrix, used as direct input in Section 6.6.5-2 (Equation 6.6.5.2-4), was developed by Reimus et
al. (2002 [DIRS 163008]). The qualification of this report and the use of the equation are given
here in accordance with item 5.2.1(k) of LP-SIII.IOQ-BSC: Reliability of data source; and
qualifications of personnel or organizations generating the data.
The diffusion equation was developed by Reimus et al. (2002 [DIRS 163008]) at Los Alamos
National Laboratory (LANL), a nationally recognized scientific institution, supported by DOE,
National Nuclear Security Administration, Nevada Operations Office, as part of the
Underground Test Area Project. LANL is a DOE multidisciplinary science institution managed
by the University of California and is highly regarded among the scientific community for both
quality and the reliability of scientific work. Scientists at LANL are among the most highly
respected in their scientific fields. Furthermore, the diffusion data used in the development of
Equation 6.6.5.2-4 was collected under adequate QA procedures and protocol, comparable to the
YMP QA program. Thus, the data source is considered reliable, and Equation 6.6.5.2-4 is
justified for its intended use as direct input in this report.
Sorption site density and specific surface area of goethite and ferrihydrite-The sorption
density and specific surface area data for goethite listed in Table 4.1-10 were compiled from
many laboratory studies mainly addressing the single metal sorption from aqueous solutions.
The data for ferrihydrite (designated as amorphous hydrous ferric oxide [HFO] in this report)
were compiled from Dzombak and Morel (1990 [DIRS 105483]). The site densities for many
ferric oxyhydroxide solids have been obtained mainly through the evaluation of sorption data
using models such as the Surface Complexation Model (SCM) and other similar models. Given
the difficulties in obtaining site density data, this parameter is usually constrained by either
fitting the experimental sorption data or just using an accepted value for metal sorption models
onto certain types of solids. Site density data have been obtained experimentally from acid-base
surface titration measurements assuming complete surface saturation of ionic species that sorb to
the oxyhydroxide surface (Villalobos et al. 2003 [DIRS 173017]). Other approaches include
estimations of surface site densities on the basis of properties of the sorbent at distinct crystal
planes (see Hiemstra and Van Riemsdijk 1996 [DIRS 173023]; Pivovarov 1997 [DIRS 173714])
and tritium exchange experiments.
Since most of the estimated site density values in these sources are obtained from single metal
sorption and SCM studies, competitive effects are not taken into account. The assessment of
competitive sorption in multi-component systems remains a subject of ongoing research and is
restricted to a limited number of studies on few metal species. Therefore, it is reasonable to say
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that the range of largest values obtained from single metal sorption studies are close to upper
bound values of the sorptive capacity of the solid. The validity of this argument still needs to be
proved due to the specific behavior of some metals as observed in some competitive sorption
experiments. It is generally accepted that tritium exchange experiments yield the largest site
densities, but these will not be considered here due their large deviation from those estimated by
SCMs and their scant adoption by researchers in the field. However, it is reasonable to say that
the range of site density values based mainly on SCMs captures upper and lower bounds as
delineated by their overall correspondence with those obtained from theoretical or
crystallographic arguments.
For the purpose of this data qualification, the gathered data on sorption site density and specific
surface area in iron oxyhydroxides will be qualified on the grounds of prior uses of data and data
corroboration (when possible) in accord with item 5.2.1 (k) of LP-SIII.1OQ-BSC, Models. The
use of data corroboration is exemplified by comparison of values from a large set of independent
studies, thus establishing a valid range of site densities and specific surface areas. Therefore, this
provides a valid range of values consistent with those reported for site densities and/or those
often adopted in SCMs. The sorption data were obtained through extensive literature searches
spanning for about 20 years, and all these sorption studies were published in peer-reviewed
journals. Most site density values considered were obtained experimentally in either surface
titration or metal ion sorption experiments. Theoretically-determined values are based on crystal
chemistry arguments. In general, all these approaches generate data that resulted in a welldefined range of values, thus establishing minimum and maximum bounds in the data. Given the
overall consistency in the experimental and modeling approaches to evaluate surface site
densities, the analytical methodologies used to examine specific surface areas, and the observed
range of values, these data demonstrate the properties of interest for their intended use in
this report.
The evaluation of Villalobos et al. (2003 [DIRS 173017]) outlines the range of reported site
densities for goethite emphasizing the differences observed from various studies, suggesting that
these are probably due to the formation of polynuclear species or solid precipitation on the
surface, among other factors. Even with all these differences in the observed site densities, the
authors advanced qualitative arguments to suggest trends that indicate some relationship between
site density and surface area. For the case of goethite, the compilation of values for this
parameter indicates that minimum and maximum bounds can be established in good agreement
with the range used in the evaluation of experimental data using sorption models such as SCM.
As stated above, site densities can be measured or estimated through fitting in a SCM. Christl
and Kretzschmar (1999 [DIRS 173811]) investigated the effect of varying hematite surface site
densities on SCM predictions of metal sorption. These authors consider the range of 2.2-16.6
sites nmr 2 for the different model test cases. For acid-based titrations, they pointed out that
complete surface saturation is not attained in surface titration experiments. Their modeling
results indicate that full surface saturation is attained at low pH only for the case of low surface
site density (2.2 sites nm- 2). Overall, the range of site densities from 2.2-16.6 sites nm-2
provides excellent model fits to their data for the cases of acid-base surface titration and of single
and competitive metal sorption. For each adopted site density value in their model, there are
other adjustable parameters corresponding to intrinsic stability constants for surface complexes.
Again, this emphasizes the model dependency on these parameters but also outlines the range of
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surface site density values used for hematite. This range of values closely corresponds to or
captures the one adopted for goethite and HFO in this model report. Christi and Kretzschmar
(1999 [DIRS 173811]) observed that for competitive sorption between two metal species onto
hematite, a surface site density range of 5 - 10 sites nm- 2 provides better fits to the data and
conclude that modeling of competitive sorption could provide more helpful information to
constrain surface site densities.
For the case of goethite and ferrihydrite/HFO, the same argument applies for the observed valid
range of surface site densities for these phases. This is substantiated by the range of values
(I to 8.83 sites nm-2) adopted in many studies listed in Table 4.1-10, whether constrained by
model fitting, acid-base titration, or just metal sorption data. This surface site density range for
goethite corresponds to that given by Villalobos et al. (2003 [DIRS 173017]), not including
measurements based on tritium exchange experiments that yield much larger values.
Tritium exchange measurements yield site densities that are larger than those estimated from
acid-base titration or metal sorption data (Sahai and Sverjensky, 1997 [DIRS 173812]). The use
of metal sorption and acid-base titration data tends to underestimate site densities due the
inherent specificity of a certain ion to sorb onto particular sites of the sorbent or the inability to
ionize all surface sites due to limitations on measurements at extreme pHs (Sahai and Sverjensky
1997 [DIRS 173812]). Tritium exchange is known to be the best method for estimating total site
densities since it captures all exchangeable 3H hydrogens coordinated with oxygens in the solid.
Pivovarov (1997 [DIRS 173714]) suggested that tritium exchange data provide information on
the total amount of protons on the surface but little information on those participating in the
actual sorption process. For this reason, Pivovarov (1997 [DIRS 173714]) advanced a method of
estimating site densities based on the crystallographic structure of the sorbent and suggested
corrections to site densities derived from tritium exchange data. The result was a decrease (by an
order of magnitude) relative to the experimentally determined tritium exchange values. The
corrected values also fall within the range obtained from metal sorption data. Data based on this
method were not considered, but the largest observed site density of between 15
and 16 sites nm- 2 by Rustad et al. (1996 [DIRS 173766]) captures this upper limit corresponding
to the consistent range of values observed for tritium exchange data.
Overall, the list of goethite site densities provided in Table 4.1-10 encompasses a widely adopted
range of values for a broad set of specific surface areas. The observed consistency of these data
values from numerous sources within the range adopted in this report and the results of the
sensitivity studies by Christi and Kretzschmar (1999 [DIRS 173811], p. 2929) closely
corresponding to this range render the data suitable for their intended use in the model.
Site densities for HFO are from Dzombak and Morel (1990 [DIRS 105483]), which has been
referenced extensively in many sorption studies of this phase. The authors are recognized peers
in the field, and, therefore, their data evaluation and resulting parameters are considered suitable
for use in the YMP.
The ratio of low to high affinity sites for goethite was estimated based on the studies of
Rodda et al. (1996 [DIRS 173710]), Hiemstra and Van Riemsdijk (1996 [DIRS 173023]),
Christophi and Axe (2000 [DIRS 173020]), and Trivedi et al. (2001 [DIRS 173021]). In these
studies, the sorption data were evaluated using Langmuir-type models, and the ratios are based
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on the assignment of low vs. high affinity site densities evaluated by the model fitting of the
sorption data. Table 4.1-11 lists the ratio of low to high affinity along with the percentage of
high affinity sites and sources. Overall, experimental sorption studies, along with modeling
efforts focusing on competitive sorption, are scarce. Many competitive metal sorption models
have been advanced in the form of Langmuir-type approaches (e.g., Rodda et al. 1996
[DIRS 173710]; Christophi and Axe (2000 [DIRS 173020]); Trivedi et al. 2001 [DIRS 173021])
and SCMs (e.g., Buerge-Weirich 2002 [DIRS 173752], and Christl and Kretzschmar 1999
[DIRS 173811]). In this report, we considered those of the Langmuir-type based on the amount
of studies devoted to goethite and the reasonable results obtained in their modeling of the data.
Only one value given by Hiemstra and Van Riemsdijk (1996 [DIRS 173023]) is based on crystal
plane structural relations. The percentage range of high affinity sites ranges from 8.8 percent
to 74 percent, which covers the range observed in four studies. Given the partial correspondence
in the obtained values to define the range for the percentage of high affinity sites, these data
demonstrate the properties of interest for their intended use in this report.
For HFO, the range of values for high affinity sites is taken directly from the analysis of
Dzombak and Morel (1990 [DIRS 105483], Table 5.2). These data are shown in Table 4.1-10.
The evaluated high-affinity site density data in Dzombak and Morel (1990) are representative of
the isotherm region at which sorption is not proportional to added metal in solution (Dzombak
and Morel 1990 [DIRS 105483]). The total site densities from the evaluation of Dzombak and
Morel (1990) are given in Table 4.1-13. The study by Hofmann et al. (2005 [DIRS 173711])
evaluated site density based on acid-base titrations and optimized parameters for Sr sorption in
their SCM. The result of the Dzombak and Morel (1990 [DIRS 105483]) examination of the
compiled data indicates a reasonable degree of consistency among the values and the use of a
single value to represent the site density in modeling high affinity sites. Therefore, they adopt a
value of 0.005 mol/mol Fe in their work, noting that this value is close to the average of their
tabulated range. These data appropriately demonstrate the parameters of interest, which are the
result of a comprehensive evaluation of experimental data from multiple sources. The source
from Dzombak and Morel (1990 [DIRS 105483]) is widely referenced in the sorption modeling
literature and is accepted as a representative example of the application of SCM on HFO.
Moreover, the two authors have published extensively on the subject of metal sorption and the
use and application of SCM on metal sorption onto metal oxides.
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Table 4.1-10. Specific Surface Areas and Adsorption Site Densities for Goethite, Hematite, and HFO

8C)
CD
Substrate
0

C)

Goethite

Site

Site Density

Specific
Surface Area

Density

Units

(M2 gq-)

3.28 x 10-6

2

mol m-

55

0

Source

Rodda et al. 1996
[DIRS 173710], Table 1

0n

0

Comments

converted to sites nm- 2 in Table 6.3-4a.

Goethite

1.43 x 10.5

mol m-

2

55

Rodda et al. 1996
[DIRS 173710], Table 1

Model fitting (2-site Langmuir adsorption model for Zn at 250C).
Tabulated site density denotes sum of low- and high-affinity sites:
1.30 x 10.5 + 1.26 x 10-6= 1.43 x 10-5 moC M- 2. Site density
converted to sites nm-2 in Table 6.3-4a.

Goethite

2.2 x

10-6

mol m- 2

55

Rodda et al. 1996
[DIRS 173710], Table 5

Goethite

6.15

sites nm-

2

-

Hiemstra and Van Riemsdijk 1996
[DIRS 173023], p. 498

Model fitting (BET adsorption model for Zn at 250C). Site density
converted to sites nm-2 in Table 6.3-4a.

Total site density obtained from crystal plane structural relations
for 021 and 110 goethite faces in corresponding proportions
described by Hiemstra and Van Riemsdijk 1996 [DIRS 173023],
p. 498. The listed value of 6.15 sites nm- 2 is the total of low- and
high-affinity sites given by the source: 3.45 + 2.7 = 6.15
sites nm- 2 . A value of 5.92 sites nm- 2 for site density is listed in

preliminary output DTN: SN0503T0503305.001 and used in

TSPA-LA; see Appendix J.

Goethite

8.00

sites nm-2

52

Goethite

4.90

sites nm-2

45

Goethite

7.40

sites nm- 2

28.5

Goethite

4.60

sites nm- 2

32

Goethite

7.20

sites nm-2

30.8

Goethite

3.40

sites nm- 2

32

Villalobos et al. 2003
[DIRS 1730171, Table 2

Villalobos et al. 2003

Calculated from maximum sorption data for Pb2,
Calculated from maximum sorption data for Pb 2+

[DIRS 173017], Table 2

Villalobos et al.
[DIRS 173017],
Villalobos et al.
[DIRS 173017),
Villalobos et al.
[DIRS 1730171,
Villalobos et al.

2003
Table 2
2003
Table 2
2003
Table 2
2003

[DIRS 173017], Table 2

('C

0
0
Vt

0

Model fitting (2-site Langmuir adsorption model for Zn at 250C).
Tabulated site density denotes sum of low- and high-affinity sites:
2.90 x 10-6 + 3.75 x 10-7 = 3.28 x 10-6 mol m-2 . Site density

Calculated from maximum
mononuclear complex)
Calculated from maximum
mononuclear complex)
Calculated from maximum
mononuclear complex)
Calculated from maximum
binuclear)

sorption data for F (assumed
sorption data for F- (assumed
sorption data for F (assumed
sorption data for phosphate (assumed

0
0~

Table 4.1-10. Specific Surface Areas and Adsorption Site Densities for Goethite, Hematite, and HFO (Continued)

Site

Site
Density

Specific
Surface Area

Substrate

Density

Units

_(M2 -1)

Goethite

4.00

sites nm-

38

Goethite

6.60

sites nm-2

28.5

Goethite

2.60

sites nm-2

66

Goethite

2.90

sites nm-2

66

Goethite

4.20

sites nm-2

105

0-

Source

Villalobos et al. 2003
[DIRS 173017], Table
Villalobos et al. 2003
[DIRS 173017], Table
Villalobos et al. 2003
[DIRS 173017], Table
Villalobos et al. 2003
[DIRS 173017], Table
Villalobos et al. 2003

2
2
2
2

[DIRS 173017], Table 2

Goethite

3.00

sites nm-2

105

Villalobos et al. 2003
[DIRS 1730171, Table 2

Goethite

2.90

sites nm- 2

80

Villalobos et al. 2003
[DIRS 173017], Table 2

Goethite

2.70

sites nm-2

80

Villalobos et al. 2003

[DIRS 1730173, Table 2
Goethite

3.30

sites nm- 2

81

Goethite

3.30

sites nm- 2

81

Goethite

2.60

sites nm

2

81

Goethite

1.79 x 10'

mol g-I

55.4

Goethite

4.22 x 10-'

mol g-1

21

Goethite

3.54 x 10-5

mol g-

1

Goethite

1.87

sites nm- 2

C

Ln

Comments
Calculated from maximum sorption data for phosphate (assumed
binuclear)
Calculated from maximum sorption data for phosphate (assumed
binuclear)
Calculated from maximum sorption data for oxalate (assumed
binuclear)
Calculated from maximum sorption data for chromate (assumed
binuclear complex)
Calculated from maximum sorption data for F- (assumed
binuclear complex)

Calculated from maximum sorption data for phosphate (assumed
binuclear complex)

Calculated from maximum sorption data for phosphate (assumed
binuclear complex)

Calculated from maximum sorption data for citrate (assumed
trinuclear complex)

Villalobos et al. 2003
[DIRS 173017], Table 2
Villalobos et al. 2003
[DIRS 173017], Table 2
Villalobos et al. 2003
[DIRS 173017], Table 2
Trivedi et al. 2001
[DIRS 173021], Table 3
Trivedi et al. 2001

Calculated from maximum sorption data for selenite (assumed
binuclear complex)
Calculated from maximum sorption data for selenite (assumed
binuclear complex)
Calculated from maximum sorption data for molybdate (assumed
binuclear)
Fe adsorption edges; site density converted to sites nm- 2 in
Table 6.3-4a
NiEDTA adsorption edges; site density converted to sites nm-2 in

21

Trivedi et al. 2001
[DIRS 173021], Table 3

20

Naveau et al. 2005
[DIRS 173018], p. 6

PbEDTA adsorption edges; site density converted to sites nm-2
in Table 6.3-4a
Acid-base surface titration

[DIRS 173021], Table 3

C

Table 6.3-4a

C

0
0

0
0~
0
0

a

C

C

Table 4.1-10. Specific Surface Areas and Adsorption Site Densities for Goethite, Hematite, and HFO (Continued)

z

0D
CD

C
mi
IX2

Site
Density
7

Substrate
Goethite

Site Density
Units
sites nm-2

Specific
Surface Area
(M2 g-)
47.5

En
PO

Source
Coughlin and Stone 1995

Comments
Adopted from Hayes and Leckie 1986 [DIRS 173817]

[DIRS 173030], Table 1

Goethite

2.3

sites nm-

2

50

Grossl et al. 1997

Chromate and arsenate adsorption isotherms

[DIRS 173032], p. 322

Goethite

sites nm- 2

2.3

54

Fendorf et al. 1996 [DIRS

Assumed value

1730341, p. 100

t')

Goethite

sites nm-2

1.5

M-2

Goethite

1.66

sites nm

20

Duc et al. 2003

-

Pivovarov 1997
[DIRS 1737141, Table 1

Goethite

3.2

pmol m"2

70

Goethite

2.2

imol m-2

70

Goethite

2.20

sites nm-2

35

sites nm-2

-

I_

Goethite

6.3

Acid-base surface titration

173019], Table 2

_[DIRS

Gr~fe et al. 2004
[DIRS 1737511, p. 6561
Gr~fe et al. 2004
[DIRS 173751], p. 6561
Missana et al. 2003

Average of calculated site density at (110) and (120) crystal
planes (see Table 1 of the source)

Arsenate isotherm (pH 4); site density converted to sites nm 2 in
Table 6.3-4a
Arsenate isotherm (pH 7); site density converted to sites nm 2 in
Table 6.3-4a
Acid-base surface titration

[DIRS 173759], p. 296

L0tzenkirchen et al. 2002
[DIRS 173757], p. 3394, Table 1

Acid-base surface titration; total site density for each crystal face
(001) and {110) for two surface groups that represent a mixture
of two crystallographic planes for one singly and one triply
coordinated
2 surface complex on goethite: 3.61 + 2.7 = 6.3
sites nm

Goethite

2

9.18 x 10-6

mol m

14.7

1.68

sites nm-

33

I

Goethite

M-2_

_

MOller and Sigg 1992

Acid-base surface titration; site density converted to sites nm"2 in

[DIRS 173760], p 519

Table 6.3-4a

Randall et al. 1999

Assumed value adopted from L6vgren et a!. 1990 [DIRS 173771]

[DIRS 173709], Table 1

Goethite

2.89

sites nm

86

Felmy and Rustad 1998
[DIRS 173708], p. 26

Goethite

3.13

sites nm- 2

20

Hongshao and Stanforth 2001
[DIRS 1737541, p. 4754

Assumed value

Goethite

2.3

sites nm-2

21.4

Buerge-Weidch et al. 2002

Estimated (no specific information given in the source)

Total site density calculated from crystallographic dimensions
assuming 90% for (1101 (3.0 sites nm 2 ) and 10% for {021} (1.86
sites nm-2) planes: (0.9"3.0) + (0.1"1.86) = 2.89 sites nm-

[DIRS 1737521, p. 329

Goethite

sites nm-2

6.31
I

37

Boily et al. 2001

Total site density estimated from crystallographic data at three

[DIRS 173707], Table 3

different crystal planes

to

(Ji

Table 4.1-10. Specific Surface Areas and Adsorption Site Densities for Goethite, Hematite, and HFO (Continued)

Substrate
Goethite

Site
Density
6.31

Site Density
Units
sites nm- 2

Specific
Surface Area
(M2 g-)
85

Goethite

1.8

sites nm-2

27.7

Goethite

2.31

sites nm-2

49

Source
Boily et al. 2001
[DIRS 1737071, Table 3
Gao and Mucci 2001

Comments
Total site density estimated from crystallographic data at three
different crystal planes
Acid-base surface titration

[DIRS 173750], p. 2364

Robertson and Leckie 1997

Range obtained from SCMs sensitivity analyses

[DIRS 1737631, Table 4

Goethite

7.00

sites nm

2

49

Robertson and Leckie 1997
[DIRS 173763], Table 4

Goethite

8.38

sites nm-2

49

Robertson and Leckie 1997
[DIRS 173763], Table 4

Goethite

8.16

sites nm-2

49

Robertson and Leckie 1997

Range obtained from SCMs sensitivity analyses
Range obtained from SCMs sensitivity analyses.
A value of 8.83 sites nm- 2 for site density is listed in preliminary
output DTN: SN0503T0503305.001 and used in TSPA-LA; see
Appendix J.

[DIRS 173763], Table 4

Goethite

1.68

sites nm- 2

39.9

Goethite

3.12

sites nm-2

81

Goethite

7.00

sites nm-2

52

Goethite

2.3

sites nm- 2

45

Goethite

1.7

sites nm-2

43

Goethite

5

sites nm-2

110

4.84

sites nm-2

64.3

Goethite

II_[DIRS

C

L6vgren et al. 1990
[DIRS 1737711, p. 1303
Machesky et al. 1991
[DIRS 173758], p. 771
Hayes and Leckie 1987
[DIRS 173817], Table II
van Geen et al. 1994
[DIRS 144702], Table I
Persson et al. 1998
[DIRS 173762], p. 261
Davis and Upadhyaya 1996
[DIRS 173743], p. 1895
Xue and Traina 1996
1737131, p. 3163

C

Range obtained from SCMs sensitivity analyses
Acid-base surface titration
Estimated from maximum sorption data
Pb sorption data
Adopted value is the same as that given by Davis
and Kent (1990 [DIRS 143280]) and Dzombak and Morel
(1990 [DIRS 105483])
Acid-base surface titration
Assumed value based on Stumm 1992 [DIRS 141778]
Calculated value from the smallest average for constant
capacitance model (CCM)

C

:4

C

C

C

Table 4.1-10. Specific Surface Areas and Adsorption Site Densities for Goethite, Hematite, and HFO (Continued)

Cý
C)

CD

Comments
Maximum theoretical value estimated from crystal morphology;
site density converted to sites nm- 2 in Table 6.3-4a
Estimated from maximum sorption data for selenite; site density
converted to sites nm- 2 in Table 6.3-4a
Uranyl adsorption SCM

rrl
w
5.
0
0

H
U,

0
~I,.
C-

t')

Acid-base surface titration

C..)

0

5.

C
U,

k)
0
0
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Table 4.1-11.

Low- and High-Affinity Site Densities for Goethite

Low-Affinity
Site Density

High-Affinity
Site Density

Site Density
Units

7.70 x 10-7

2.52 x 10-7

mol m- 2

Rodda et al. 1996 [DIRS 1737101, Table 1

2.90 x 10-6

3.75 x 10

7

2

mol m-

Rodda et at. 1996 [DIRS 173710], Table 1

1.30 x 10-'

1.26 x 10'

mol m- 2

Rodda et al. 1996 [DIRS 173710], Table 1

1.00 x 10-6
3.45

1.41 x 10'
2.7

mol m-2
sites nm'2

2.40 x 10-5

8.80 x 10.6

mol g-1

Christophi and Axe 2000 [DIRS 173020], Table 5

7.50 x 10-6

7.40 x 10-6

mol q-

1

Christophi and Axe 2000 [DIRS 173020], Table 5

2.40 x 10.6

6.80 x 10-6

mol g-1

Christophi and Axe 2000 [DIRS 1730201, Table 5

Rodda et al. 1996 [DIRS 173710], Table 1
Hiemstra and Van Riemsdijk 1996 (DIRS 173023], p. 498

1

Trivedi et al. 2001 [DIRS 173021], Table 3
Trivedi et al. 2001 [DIRS 173021], Table 3

3.47 x 10-5

1.04 x 10

mol g-

3.88 x 10-8

1.14 x 10-8

mol g- 1

Table 4.1-12.

Source

High-Affinity Site Densities for HFO
High-Affinity Site Density
(mol Siteslmol Fe)
0.005
0.003
0.01
0.002
0.002
0.005
0.002
0.001
0.005
0.001
0.002
0.003
0.007
0.005
0.01

0.001
0.003
0.005
0.001
0.005
0.001
0.005
Source: Dzombak and Morel 1990 [DIRS 105483], Table 5.2.
NOTE:

Data compiled from various metal sorption isotherms; specific surface area 600 m2 g-1. These data are
for high-affinity cation binding sites corresponding to the trend where the measured sorption density
becomes nearly independent from the dissolved metal concentration.
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Table 4.1-13. Total Site Densities for HFO
Total Site Density
(mol siteslmol Fe)
0.2
0.1
0.2

0.2
0.18
0.23
0.24
0.14
0.2
0.15
0.2
0.5
0.15
0.16
0.05
0.18
0.1
0.13
Source: Dzombak and Morel 1990 [DIRS 105483], Table 5.3.
NOTE:

Data compiled from various metal sorption isotherms; specific surface area
retrieved from metal sorption maxima.

=

600 m2 g-1 . These data were

The elemental composition of metals in a CSNF waste package is given in Table 4.1-14. The
composition is used in Section 6.3.4.2.3.1 to calculate the mass of corrosion products in a waste
package. The sources for these data are ASTM standard specifications for manufacturing the
metals (in the case of 316 stainless steel and A 516 carbon steel, as given in
DTNs: M00003RIB00076.000 [DIRS 153044] and M00107TC240032.000 [DIRS 169970],
respectively), manufacturer's specifications (in the case of Neutronit A 978; Kogler 1991
[DIRS 155761]), and the American Society for Metals (ASM) properties handbook (in the case
of aluminum 6061; ASM 1979 [DIRS 154085]). ASTM standards and the ASM handbook are
established fact and are therefore justified for use in this report. The Neutronit specifications, as
vendor data, are also justified for use in this report.
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Table 4.1-14.

316 Stainless Steela
Balance
3.00
18.00
14.00

Element
Fe
Mo
Cr
Ni

Al

Elemental Composition (Weight Percent) of Waste Package Materials

_

_

A 516 Carbon Steelb
Balance

Aluminum

6 0 6 1d

0.7
0.35
Remainder

_

Co

0.20

W

..

Mn
C
P
S
Si
N
Cu

2.00
0.08
0.045
0.030
0.75
0.16
-

1.30
0.26
0.035
0.035
--

0.04
-

0.15
0.8

-_

Mg

Zn

Neutronit A 978c
Balance
2.2
18.5
13.0

_-_0.4
--

-

1.2

--

--

Ti

--

_0.15

0.25

--

j--

Residuals
0.15
NOTES: '!-"indicates that the alloy chemical composition specification does not include this element.
Compositions listed are the maximum specified for each element in the data source. "Balance" and
"Remainder" are specified in the data source for the principal component of the alloy.
a DTN: M00003RIB00076.000 [DIRS 153044].
b DTN: MO0107TC240032.000 [DIRS 169970].
cKOgler 1991 [DIRS 155761], p. 15 (vendor-supplied data).
dASM 1979 [DIRS 154085], p. 115.
--

Input values for sorption distribution coefficient (Kd) ranges on devitrified tuff for unsaturated
zone units are listed in Table 4.1-15. These data are used for calculating retardation in the invert.
The data are appropriate for this use because the crushed tuff to be used in the invert is the same
material that is mined from the drifts when the repository is constructed. The repository will be
located primarily in the TSw35 horizon in which the host rock is devitrified tuff. These sorption
distribution coefficient data are correlated using the correlation matrix in Table 4.1-16.
Diffusion coefficient data for granular materials are listed in Table 4.1-17. These data are used
to develop an effective diffusion coefficient for the invert in Section 6.3.4.1.1. The data are
qualified for use in this report in Appendix H.
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Table 4.1-15. Sorption Distribution Coefficient (Kd) Ranges on Devitrified Tuff for Unsaturated Zone Units
Coefficients Describing Distributionb

Distribution Type
Cumulative
Cumulative
Cumulative

Species'
U
Np
Pu
Am

(0, 0) (0.2, 0.5) (4., 1.0)
(0, 0) (0.5, 0.5) (6., 1.0)
(10., 0) (70., 0.5) (200., 1.0)
Range = 1,000 - 10,000 ml g-1
Mean = 5,500 ml g-1

Truncated Normal

Std. Dev. = 1500 ml 9-1

Pa

Range = 1,000 - 10,000 ml g-1
Mean = 5,500 ml g-1

Truncated Normal

Std. Dev. = 1,500 ml g-1

Cs
Uniform
1 - 15 ml g-1
Sr
Uniform
10 - 70 ml g-1
Ra
Uniform
100- 1,000 ml g-1
Th
Uniform
1,000 - 10,000 ml g-1
SDTN: LA0408AM831341.001 [DIRS 171584].
1
b For cumulative distribution: (Kd value, ml g- ; probability) and for uniform distribution: Kd range.
Table 4.1-16.

Element
Am

Correlations for Sampling Sorption
Distributions for Devitrified Tuff
Am

Cs

100

Np

Pa

Distribution

Pu

Coefficient

Ra

Sr

(Kd)

Probability

U

Th

-.......

Cs

0

100

Np

25

0

100

.....
-..

Pa

75

0

0

100

-..

Pu

10

0

10

0

100

Ra

0

100

0

0

0

100

-

-

-

0

25

100

-

-

-

..
..
.

...

Sr

0

25

50

0

Th

0

0

50

0

0

0

75

100

U

0

0

0

0

0

0

0

0

100

DTN: LA0311AM831341.001 [DIRS 167015].
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Table 4.1-17.

Diffusion Coefficient for Granular Materials for Volumetric Moisture Content
Between 1.5 and 66.3%
Volumetric Moisture Content
Sample
1

(%)

Diffusion Coefficient
(cm

2

S-1)

1.39x10-8

2
3

1.50
1.70
1.90

4

2.17

2.77 x 10-8

5
6
7
8

2.20
2.29
2.50
3.10

9
10

3.14
3.20

11
12

3.27
3.33

3.63 x
1.09 x
2.50 x
3.30 x
3.06 x
1.35 x
2.79 x

13

3.34

2.60 x 10-8

14

3.57

3.37 x 10-8

15
16

3.70
3.70

3.70 x 10-8
6.60 x 10'

17

4.00

5.22 x 10-8

18
19
20

4.20
4.60
4.90

21

5.10

22

5.30

5.94 x
6.21 x
7.20 x
1.32 x
2.40 x

23
24
25

5.40
5.51

6.60 x 10'
8.60 x 10-9
10-8
1010-8
10-8

10-8
10-8
10-8
6.35 x 10-8

10'
10-8
10-8
10-7

10'

7.60 x 10-8
7.68 x 10-8
1.23 x 10-7

26

5.83
5.90

27

6.00

8.92 x 10-8

28
29

6.30
6.90

1.06 x

30
31

6.93
7.30
7.40

1.50 x 10-7
1.60 x 10-7
2.50 x 10-7

32
33

9.30 x 10'
10-7

6.00 x 10-8

7.60

2.60 x 10-7

34

7.60

1.10 x 10 7

35
36

7.60
7.70

2.69 x 10-7
1.10 x 10-7

37

8.00

1.98 x

38

8.10

39

8.32

40

8.35

1.70 x 10-7
4.10 x 107
2.15 x 10-7

41
42

8.60
8.80

3.20 x 10-7
2.30 x 10-7
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Table 4.1-17.

Diffusion Coefficient for Granular Materials for Volumetric Moisture Content
Between 1.5 Percent and 66.3 Percent (Continued)
Volumetric Moisture Content
Sample
43
44
45
46

(N)
9.24
9.24
9.56
9.64

47
48
49
50
51

9.75
10.1
10.1
10.2
10.2

52
53
54
55
56
57
58
59

10.3
10.3
10.4
10.9
11.1
11.1
11.1
11.2

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

Diffusion Coefficient
(cm 2 s-1)
2.55 x 10-'
2.55 x 10-'
3.00 x 10-7
3.07 x
3.20 x
3.51 x
3.62 x
3.54 x
3.30 x

10-7
10-7
10-7
10-7
10-7
10-7

3.34
2.10
3.40
3.62

x
x
x
x

10-7
10-7
10-7
10-7

3.72
4.22
4.27
4.19

x
x
x
x

10-7
10-'
10-7
10-7

11.2
11.4
11.4
11.6
11.7
11.8
12.0
12.0

5.48 x
4.27 x
4.12 x
5.40 x
2.60 x
4.80 x
2.40 x
4.47 x

10-7
10-7
10-7
10-7
10-7
10-7
10-'
10-7

12.2
12.3
12.3

4.09 x 10-'
5.05 x 10-'

4.40 x

10-7

12.3
12.3
12.5
12.7

3.60 x
4.50 x
2.90 x
4.37 x

10-7
10-7
10-"
10-7

76
77

12.7
12.7

4.90 x 10-7
5.32 x 10-7

13.1

78
79

13.9
13.9

4.77 x 10-7
5.39 x 10-7
7.80 x 10-7

80

14.1

81

14.2

82
83
84

14.4
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Table 4.1-17.

Q.)

Diffusion Coefficient for Granular Materials for Volumetric Moisture Content
Between 1.5 Percent and 66.3 Percent (Continued)
Volumetric Moisture Content
(%)

Samale

Diffusion Coefficient
(cm2 s-1)
x1
x 1
x1
x 1
x 1

86
87
88
89

14.6
14.7
14.8
16.0
16.1

6.82
9.00
6.54
1.47
6.82

90
91
92
93
94
95

16.5
16.7
17.0
17.1
17.3
17.5

5.45 x 1
6.60 x 1
1.20 x 1
8.20 x 1
1.76 x 1
1.10 x I1

96

18.8
18.9
19.4
20.4
20.8
21.0
21.5
21.6
23.1
23.1
24.0

1.60 x 10-6

111
112

25.3
25.4
25.7
28.2
28.5
30.9

5.82 x 1i
2.50 x 11
9.26 x 11
3.50 x 11
1.00 x 10-6

113*

31.7

1.23 x 11

114
115*
116"
117

32.3
33.8
35.8
38.5

4.60
1.34
1.57
4.33

118*
119*
120
121

39.3
39.5
40.0
42.0

1.36 x 1(
1.13 x 1(

85

97
98
99*
100
101
102
103
104
105
106
107*
108
109*

110
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8.19 x I1
9.89 x ii
4.19 x li
3.58 x li
2.34 x 10-6
1.23 x11
1.29 x l1
2.40 x 11
1.90 x 11
2.90 x 11

Q-,

1.51 x 1I
x
x
x
x

1i
11
11
1(

6.90 x 10-6
5.80 x 10.6
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Table 4.1-17.

Diffusion Coefficient for Granular Materials for Volumetric Moisture Content
Between 1.5 Percent and 66.3 Percent (Continued)

Sample
122
123"

Volumetric Moisture Content
(%)
42.5
43.4

Diffusion Coefficient
(cm 2 s-1)

3.22 x 101.02 x 10'
124
49.0
6.09 x 10-6
125
66.3
1.83 x 10'
NOTE:
All values are from Conca and Wright 1992 [DIRS 100436], Figure 2,
except for those indicated by an asterisk, which are from Conca et al.
1993 [DIRS 170709], Figure 2.

4.1.3

Design Information

Some of the information necessary for the model presented in this document consists of
parameters and other descriptions based on the license application (LA) conceptual design of the
repository.
Included are dimensions, material amounts and properties, and physical
configuration of the drifts and their contents, listed in Tables 4.1-18 through 4.1-20. For
TSPA-LA analyses, this information was obtained from information exchange drawings (IEDs)
and design drawings cited on IEDs.
In Table 4.1-20, the component materials in a 21 -PWR waste package are obtained from Design
and Engineering,21-PWR Waste Package Configuration (BSC 2004 [DIRS 167394]), which is
the design version preceding the current version (BSC 2004 [DIRS 170710]). In addition, the
masses, thicknesses, and numbers of components in a 21-PWR waste package, listed in
Tables 4.1-18 through 4.1-20, are obtained from Revision OOC of D&E/PA/C JED Typical Waste
Package Components Assembly (BSC 2004 [DIRS 169472]), which has been superseded by lED
[information exchange drawing] Typical Waste Package Configuration (BSC 2005
[DIRS 173501]). Justification for using the previous design data and the impact on TSPA-LA
calculations is provided in Section 6.3.4.2.3, where the impact is shown to be negligible.
In Table 4.1-20, the masses and numbers of components in a 5 DHLW/DOE - Short waste
package are obtained from Revision 00B of D&E/PA/C lED Typical Waste Package
Components Assembly (BSC 2004 [DIRS 167207]), which is the version of the IED preceding
Revision OOC (BSC 2004 [DIRS 169472]), used for the 21-PWR waste packages, which in turn
has been superseded by lED Typical Waste Package Configuration (BSC 2005 [DIRS 173501]).
Minor changes in component masses were made in the 5 DHLW/DOE - Short waste package
from Revision 00B (BSC 2004 [DIRS 167207]) to Revision 0OC (BSC 2004 [DIRS 169472]) to
BSC 2005 [DIRS 173501].
The impacts of the changes in component masses in
the 5 DHLW/DOE - Short waste package are analyzed in Section 6.3.4.2.3 and are shown to
be negligible.
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Table 4.1-18.

Design Information for EBS Components

Value
Model Input
5.5 m
BSC 2004 [DIRS
Diameter of the drift
BSC 2005 [DIRS
5805 mm
Length of drip shield
2 ft 10 in BSC 2004 [DIRS
Maximum depth of invert
21-PWR (Absorber Plate Waste Packag e Characteristics
BSC 2004 [DIRS
1637 mm
Outer barrier outside diameter
BSC 2004 [DIRS
1718.3 mm
Maximum outside diameter around trunnion collars
BSC 2004 [DIRS
1597 mm
Outer barrier inside diameter
BSC 2004 [DIRS
1485.9 mm
Inner vessel inside diameter
5024.4mm
BSC 2004 [DIRS
Total outside length
BSC 2004 [DIRS
4584.7 mm
Inner vessel cavity length
20 mm
BSC 2004 [DIRS
Outer barrier thickness
BSC 2004 [DIRS
12.7 mm
Middle lid thickness
30.16 mm BSC 2004 [DIRS
Middle lid to outer lid gap
BSC 2004 [DIRS
25.4 mm
Outer lid thickness
BSC 2004 [DIRS
50.8
mm
Inner vessel bottom lid thickness
BSC 2004 [DIRS
50.8 mm
Inner vessel top lid thickness
BSC 2004 [DIRS
25.4 mm
Top lid lifting device thickness
101.6
mm
BSC 2004 [DIRS
Bottom skirt length
5 DHLW/DOE SNF - Short Waste Package Characteristics
BSC 2004 [DIRS
2126.0 mm
Nominal diameter
mm
BSC 2004 [DIRS
3452.8
Nominal length
25.4 mm
BSC 2004 [DIRS
Outer barrier thickness
BSC 2004 [DIRS
2044.7 mm
Outer barrier outside diameter
1993.9 mm
BSC 2004 [DIRS
Outer barrier inside diameter
BSC 2004 [DIRS
3452.8 mm
Total length
DHLW=defense high-level (radioactive) waste, SNF=spent nuclear fuel
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Source
169503]
173303], Table 1
1695031
166953],
166953]
166953],
166953],
166953],
166953],
169472],
167394],
167394],
167394],
167394],
167394],
167394],
167394],

Section B-B

169472],
169472],
169472],
166946],
166946],
166946],

Table 1
Table I
Table 1
Section B-B
Section B-B
Section A-A

Section B-B
Section B-B
Section A-A
Section A-A
Table 1
Detail A
Detail A
Details A and B
Detail B
Detail A
Detail C
Detail B
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Table 4.1-19.

Component Dimensions in a 21-PWR (Absorber Plate) Waste Package

Component
Basket Side Guide
Basket Side Guide Stiffener
Basket End Side Guide
Basket End Guide Stiffener
Basket Corner Guide
Basket Corner Guide Stiffener
Fuel Basket A-Plate
Fuel Basket B-Plate
Fuel Basket C-Plate
Fuel Basket D-Plate
Fuel Basket E-Plate
Basket Tube

Dimensions
3/8 in. thickness
3/8 in. thickness
3/8 in. thickness
3/8 in. thickness
3/8 in. thickness
3/8 in. thickness
7 mm thickness
7 mm thickness
7 mm thickness
1/4 in. thickness
1/4 in. thickness
180 in. length;
9.12 in. interior dimension;
3/16 in. thickness
Sources: Thickness: BSC 2004 [DIRS 169472], Table 2.
Basket Tube Length: BSC 2004 [DIRS 166953], Section A-A.
Basket Tube Interior Dimension: BSC 2004 [DIRS 166953], Section B-B.
Table 4.1-20.

Masses and Numbers of Components in Waste Packages

21-PWR (Absorber Plate)
(BSC 2004 [DIRS 167394 , material table; BSC 2004 [DIRS 169472], Table 2)
Material
Carbon Steel Type A
516

Neutronit A 978

Al 6061
Stainless Steel Type 316

Alloy 22

Component
Basket - Side Guide
Basket - Side Guide Stiffener

Mass (kg)
24.9
0.615

Basket - End Side Guide
Basket End Side Guide Stiffener
Basket Corner Guide
Basket Corner Guide Stiffener
Fuel Basket Tube
Fuel Basket A - Plate
Fuel Basket B - Plate
Fuel Basket C - Plate
Fuel Basket D - Plate
Fuel Basket E - Plate
Inner Vessel w/o Guides
Inner Lid w/ LLF
Interface Ring
Spread Ring
Total 316 Welds
OCB with trunnion sleeves
Middle Lid w/ LLF
Outer Lid w/ LLF
Total Alloy 22 Welds

32.7
1.38
40.1
2.07
159
86.8
86.8
45.8
27.4
27.4
9,920
739
35.6
25.3
81.0
5,730
226
445
51.8
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16
32
32
64
16
32
21
8
8
16
8
8
1
1
1
1
1
1
1
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Table 4.1-20.

Masses and Numbers of Components in Waste Packages (Continued)

5 DHLW/DOE - Short

(BSC 2004 [DIRS 166947], material table; BSC 2004 [DIRS 167207], Table 5)
Material
Component
Mass (kg)
Carbon Steel Type
Divider Plate Assembly
3,720

Number
16a

A516

Stainless Steel Type 316

Alloy 22

Inner Vessel
Inner Lid w/ LLF
Interface Ring
Spread Ring

8,860
1,170
44.6
31.9

1
1
1
4b

Total 316 Welds

102

-

6,540
350
693
64.2

1
1
1

OCB with trunnion sleeves
Middle Lid w/ LLF
Outer Lid w/ LLF
Total Alloy 22 Welds

a Divider Plate Assembly is assembled from 16 pieces: five Divider Plates, five Outer Brackets, five Inner

Brackets, and one Support Tube (BSC 2004 [DIRS 166947]) having a total mass of 3,720 kg (BSC 2004
[DIRS 167207], Table 5).

b Spread Ring is assembled from four pieces (BSC 2004 [DIRS 166947]) having a combined mass of 31.9 kg

(BSC 2004 [DIRS 167207], Table 5).
NOTES:

indicates that the number of welds is not specified in the source lED.

BWR = boiling water reactor, DHLW = defense high-level (radioactive) waste, lED = information
exchange drawing, LLF = lid lifting feature, PWR = pressurized water reactor; DOE = U.S. Department
of Energy.

4.2

CRITERIA

This report was prepared to comply with 10 CFR Part 63 [DIRS 173273]. Relevant requirements
for performance assessment from Section 114 of that document are: "Any performance
assessment used to demonstrate compliance with Sec. 113(b) shall: (a) Include data related to
the geology, hydrology, and geochemistry ... used to define parameters and conceptual models
used in the assessment. (b) Account for uncertainties and variabilities in parameter values and
provide the technical basis for parameter ranges, probability distributions, or bounding values
used in the performance assessment ... (g) Provide the technical basis for models used
in the performance assessment such as comparisons made with outputs of detailed
process-level models."
Programmatic requirements for this document are listed in Technical Work Planfor: Near-Field
Environment and Transport: EngineeredBarrierSystem: Radionuclide TransportAbstraction
Model Report Integration (BSC 2005 [DIRS 173617]). This technical work plan (TWP)
specifies that this document and all analyses described herein must adhere to the requirements of
LP-SIII.1OQ-BSC, Models, and to the requirements mentioned in the Project Requirements
Document (Canori and Leitner2003 [DIRS 166275]). The TWP also specifies that Yucca
Mountain Review Plan, Final Report (NRC 2003 [DIRS 163274]) acceptance criteria must be
addressed. In addition, the TWP specifies that the requirements of AP-16.1Q, Condition
Reporting and Resolution, to enable closure of Condition Report (CR)-5141 and CR-5293 and
any other relevant CRs that may be generated by the Corrective Action Program, including
CR-5442, must be satisfied.
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4.2.1

Yucca Mountain Review Plan Criteria

The acceptance criteria that concern flow and transport related to the EBS are presented in
Section 2.2.1.3 of the Yucca Mountain Review Plan,FinalReport (NRC 2003 [DIRS 163274]).
Of the 14 model abstraction sections in the review plan, Sections 2.2.1.3.3 and 2.2.1.3.4 are
applicable to this abstraction. The pertinent acceptance criteria from those two sections are listed
in Sections 4.2.1.1 and 4.2.1.2, respectively.
4.2.1.1

Applicable Acceptance Criteria from Section 2.2.1.3.3, "Quantity and Chemistry
of Water Contacting Engineered Barriers and Waste Forms"

The following acceptance criteria, listed in Section 2.2.1.3.3.3 of Yucca Mountain Review Plan,
FinalReport (NRC 2003 [DIRS 163274]), apply to this abstraction. These acceptance criteria
are based on meeting the requirements of 10 CFR 63.114(a)-(c) and (e)-(g) [DIRS 173273],
relating to the quantity and chemistry of water contacting engineered barriers and waste forms
model abstraction.
Acceptance Criterion I-System Description and Model Integration Are Adequate.
(1) Total system performance assessment adequately incorporates important design
features, physical phenomena, and couplings, and uses consistent and appropriate
assumptions throughout the quantity and chemistry of water contacting engineered
barriers and waste forms abstraction process.
(2) The abstraction of the quantity and chemistry of water contacting engineered barriers
and waste forms uses assumptions, technical bases, data, and models, that are
appropriate and consistent with other related U.S. Department of Energy abstractions.
For example, the assumptions used for the quantity and chemistry of water contacting
engineered barriers and waste forms are consistent with the abstractions of
"Degradation of Engineered Barriers" (NRC 2003 [DIRS 163274], Section 2.2.1.3.1);
"Mechanical Disruption of Engineered Barriers" (NRC 2003 [DIRS 163274],
Section 2.2.1.3.2);
"Radionuclide Release Rates and Solubility Limits"
(Section 2.2.1.3.4); "Climate and Infiltration" (NRC 2003 [DIRS 163274],
Section 2.2.1.3.5); and "Flow Paths in the Unsaturated Zone" (NRC 2003
[DIRS 163274], Section 2.2.1.3.6). The descriptions and technical bases provide
transparent and traceable support for the abstraction of quantity and chemistry of water
contacting engineered barriers and waste forms.
(3) Important design features, such as waste package design and material selection,
backfill, drip shield, ground support, thermal loading strategy, and degradation
processes, are adequate to determine the initial and boundary conditions for
calculations of the quantity and chemistry of water contacting engineered barriers and
waste forms.
(4) Spatial and temporal abstractions appropriately address physical couplings
(thermal-hydrologic-mechanical-chemical).
For example, the U.S. Department of
Energy evaluates the potential for focusing of water flow into drifts, caused by
coupled thermal-hydrologic-mechanical-chemical processes.
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(5) Sufficient technical bases and justification are provided for total system performance
assessment assumptions and approximations for modeling coupled thermal-hydrologic
mechanical-chemical effects on seepage and flow, the waste package chemical
environment, and the chemical environment for radionuclide release. The effects of
distribution of flow on the amount of water contacting the engineered barriers and
waste forms are consistently addressed, in all relevant abstractions.
(6) The expected ranges of environmental conditions within the waste package
emplacement drifts, inside of breached waste packages, and contacting the waste
forms and their evolution with time, are identified. These ranges may be developed to
include: (i) the effects of the drip shield and backfill on the quantity and chemistry of
water (e.g., the potential for condensate formation and dripping from the underside of
the shield); (ii) conditions that promote corrosion of engineered barriers and
degradation of waste forms; (iii) irregular wet and dry cycles; (iv) gamma-radiolysis;
and (v) size and distribution of penetrations of engineered barriers.
(7) The model abstraction for quantity and chemistry of water contacting engineered
barriers and waste forms is consistent with the detailed information on engineered
barrier design and other engineered features.
For example, consistency is
demonstrated for: (i) dimensionality of the abstractions; (ii) various design features
and site characteristics; and (iii) alternative conceptual approaches. Analyses are
adequate to demonstrate that no deleterious effects are caused by design or site
features that the U.S. Department of Energy does not take into account in this
abstraction.
(8) Adequate technical bases are provided, including activities such as
independent modeling, laboratory or field data, or sensitivity studies, for inclusion
of any thermal-hydrologic-mechanical-chemical couplings and features, events,
and processes.
(9) Performance-affecting processes that have been observed in thermal-hydrologic tests
and experiments are included into the performance assessment. For example, the
U.S. Department of Energy either demonstrates that liquid water will not reflux into
the underground facility or incorporates refluxing water into the performance
assessment calculation, and bounds the potential adverse effects of alteration of the
hydraulic pathway that result from refluxing water.
Acceptance Criterion 2-Data Are Sufficient for Model Justification.
(1) Geological, hydrological, and geochemical values used in the license application are
adequately justified. Adequate description of how the data were used, interpreted, and
appropriately synthesized into the parameters is provided.
(2) Sufficient data were collected on the characteristics of the natural system and
engineered materials to establish initial and boundary conditions for conceptual
models of thermal-hydrologic-mechanical-chemical coupled processes, that affect
seepage and flow and the engineered barrier chemical environment.
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(4) Sufficient information to formulate the conceptual approach(es) for analyzing water
contact with the drip shield, engineered barriers, and waste forms is provided.
Acceptance Criterion 3-Data Uncertainty Is Characterized and Propagated Through the
Model Abstraction.
(1) Models use parameter values, assumed ranges, probability distributions, and bounding
assumptions that are technically defensible, reasonably account for uncertainties and
variabilities, and do not result in an under representation of the risk estimate.
(2) Parameter values, assumed ranges, probability distributions, and bounding
assumptions used in the total system performance assessment calculations of quantity
and chemistry of water contacting engineered barriers and waste forms are technically
defensible and reasonable, based on data from the Yucca Mountain region (e.g., results
from large block and drift-scale heater and niche tests), and a combination of
techniques that may include laboratory experiments, field measurements, natural
analog research, and process-level modeling studies.
(3) Input values used in the total system performance assessment calculations of quantity
and chemistry of water contacting engineered barriers (e.g., drip shield and waste
package) are consistent with the initial and boundary conditions and the assumptions
of the conceptual models and design concepts for the Yucca Mountain site.
Correlations between input values are appropriately established in the
U.S. Department of Energy total system performance assessment. Parameters used to
define initial conditions, boundary conditions, and computational domain in sensitivity
analyses involving coupled thermal-hydrologic-mechanical-chemical effects on
seepage and flow, the waste package chemical environment, and the chemical
environment for radionuclide release, are consistent with available data. Reasonable
or conservative ranges of parameters or functional relations are established.
(4) Adequate representation of uncertainties in the characteristics of the natural system
and engineered materials is provided in parameter development for conceptual models,
process-level models, and alternative conceptual models. The U.S. Department of
Energy may constrain these uncertainties using sensitivity analyses or conservative
limits. For example, the U.S. Department of Energy demonstrates how parameters
used to describe flow through the engineered barrier system bound the effects of
backfill and excavation-induced changes.
Acceptance Criterion 4-Model Uncertainty Is Characterized and Propagated Through the
Model Abstraction.
(1) Alternative modeling approaches of features, events, and processes are considered and
are consistent with available data and current scientific understanding, and the results
and limitations are appropriately considered in the abstraction.
(2) Alternative modeling approaches are considered and the selected modeling approach is
consistent with available data and current scientific understanding. A description
that
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includes a discussion of alternative modeling approaches not considered in the final
analysis and the limitations and uncertainties of the chosen model is provided.
(3) Consideration of conceptual model uncertainty is consistent with available site
characterization data, laboratory experiments, field measurements, natural analog
information and process-level modeling studies; and the treatment of conceptual
model uncertainty does not result in an under-representation of the risk estimate.
(4) Adequate consideration is given to effects of thermal-hydrologic-mechanical-chemical
coupled processes in the assessment of alternative conceptual models. These effects
may include: (i) thermal-hydrologic effects on gas, water, and mineral chemistry;
(ii) effects of microbial processes on the engineered barrier chemical environment and
the chemical environment for radionuclide release; (iii) changes in water chemistry
that may result from the release of corrosion products from the engineered barriers and
interactions between engineered materials and groundwater; and (iv) changes in
boundary conditions (e.g., drift shape and size) and hydrologic properties, relating to
the response of the geomechanical system to thermal loading.
Acceptance Criterion
Comparisons.

5-Model

Abstraction

Output

Is

Supported

by

Objective

(1) The models implemented in this total system performance assessment abstraction
provide results consistent with output from detailed process-level models and/or
empirical observations (laboratory and field testings and/or natural analogs).
(2) Abstracted models for coupled thermal-hydrologic-mechanical-chemical effects on
seepage and flow and the engineered barrier chemical environment, as well as on the
chemical environment for radionuclide release, are based on the same assumptions and
approximations demonstrated to be appropriate for process-level models or closely
analogous natural or experimental systems. For example, abstractions of processes,
such as thermally induced changes in hydrological properties, or estimated diversion
of percolation away from the drifts, are adequately justified by comparison to results
of process-level modeling, that are consistent with direct observations and
field studies.
(3) Accepted and well-documented procedures are used to construct and test the numerical
models that simulate coupled thermal-hydrologic-mechanical-chemical effects on
seepage and flow, engineered barrier chemical environment, and the chemical
environment for radionuclide release.
Analytical and numerical models are
appropriately supported. Abstracted model results are compared with different
mathematical models, to judge robustness of results.
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4.2.1.2

Applicable Acceptance Criteria from Section 2.2.1.3.4, "Radionuclide Release
Rates and Solubility Limits"

The following acceptance criteria, listed in Section 2.2.1.3.4.3 of Yucca Mountain Review Plan,
Final Report (NRC 2003 [DIRS 163274]), apply to this abstraction. These acceptance criteria
are based on meeting the relevant requirements of 10CFR63.114(a)-(c) and (e)-(g)
[DIRS 173273], as they relate to the radionuclide release rates and solubility limits
model abstraction.
Acceptance Criterion 1-System Description and Model Integration Are Adequate.
(1) Total system performance assessment adequately incorporates important design
features, physical phenomena, and couplings, and uses consistent and appropriate
assumptions throughout the radionuclide release rates and solubility limits
abstraction process.
(2) The abstraction of radionuclide release rates uses assumptions, technical bases, data,
and models that are appropriate and consistent with other related U.S. Department of
Energy abstractions. For example, the assumptions used for this model abstraction are
consistent with the abstractions of "Degradation of Engineered Barriers" (NRC 2003
[DIRS 163274], Section 2.2.1.3.1); "Mechanical Disruption of Engineered Barriers"
(NRC 2003 [DIRS 163274], Section 2.2.1.3.2); "Quantity and Chemistry of Water
Contacting Engineered Barriers and Waste Forms" (NRC 2003 [DIRS 163274],
Section 2.2.1.3.3); "Climate and Infiltration" (NRC 2003 [DIRS 163274],
Section 2.2.1.3.5); and "Flow Paths in the Unsaturated Zone" (NRC 2003
[DIRS 163274], Section 2.2.1.3.6). The descriptions and technical bases provide
transparent and traceable support for the abstraction of radionuclide release rates.
(3) The abstraction of radionuclide release rates provides sufficient, consistent design
information on waste packages and engineered barrier systems. For example,
inventory calculations and selected radionuclides are based on the detailed information
provided on the distribution (both spatially and by compositional phase) of the
radionuclide inventory, within the various types of high-level radioactive waste.
(4) The U.S. Department of Energy reasonably accounts for the range of environmental
conditions expected inside breached waste packages and in the engineered barrier
environment surrounding the waste package. For example, the U.S. Department of
Energy should provide a description and sufficient technical bases for its abstraction of
changes in hydrologic properties in the near field, caused by coupled
thermal-hydrologic-mechanical-chemical processes.
(5) The description of process-level conceptual and mathematical models is sufficiently
complete, with respect to thermal-hydrologic processes affecting radionuclide release
from the emplacement drifts. For example, if the U.S. Department of Energy
uncouples coupled processes, the demonstration that uncoupled model results bound
predictions of fully coupled results is adequate.
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(6) Technical
couplings
solubility
adequate.
modeling,

bases for inclusion of any thermal-hydrologic-mechanical-chemical
and features, events, and processes in the radionuclide release rates and
Review Plan for Safety Analysis Report limits model abstraction are
For example, technical bases may include activities, such as independent
laboratory or field data, or sensitivity studies.

Acceptance Criterion 2-Data Are Sufficient for Model Justification.
(1) Geological, hydrological, and geochemical values used in the license application are
adequately justified. Adequate description of how the data were used, interpreted, and
appropriately synthesized into the parameters is provided.
(2) Sufficient data have been collected on the characteristics of the natural system and
engineered materials to establish initial and boundary conditions for conceptual
models and simulations of thermal-hydrologic-chemical coupled processes. For
example, sufficient data should be provided on design features, such as the type,
quantity, and reactivity of materials, that may affect radionuclide release for this
abstraction.
(4) The corrosion and radionuclide release testing program for high-level radioactive
waste forms intended for disposal provides consistent, sufficient, and suitable data for
the in-package and in-drift chemistry used in the abstraction of radionuclide release
rates and solubility limits.
For expected environmental conditions, the
U.S. Department of Energy provides sufficient justification for the use of test results,
not specifically collected from the Yucca Mountain site, for engineered barrier
components, such as high-level radioactive waste forms, drip shield, and backfill.
Acceptance Criterion 3-Data Uncertainty Is Characterized and Propagated Through the
Model Abstraction.
(1) Models use parameter values, assumed ranges, probability distributions, and bounding
assumptions that are technically defensible, reasonably account for uncertainties and
variabilities, and do not result in an under representation of the risk estimate.
(2) Parameter values, assumed ranges, probability distributions, and bounding
assumptions used in the abstractions of radionuclide release rates and solubility limits
in the total system performance assessment are technically defensible and reasonable
based on data from the Yucca Mountain region, laboratory tests, and natural analogs.
For example, parameter values, assumed ranges, probability distributions, and
bounding assumptions adequately reflect the range of environmental conditions
expected inside breached waste packages.
(3) DOE uses reasonable or conservative ranges of parameters or functional relations to
determine effects of coupled thermal-hydrologic-chemical processes on radionuclide
release. These values are consistent with the initial and boundary conditions and the
assumptions for the conceptual models and design concepts for natural and engineered
barriers at the Yucca Mountain site. If any correlations between the input values exist,
they are adequately established in the total system performance assessment. For
ANL-WIS-PA-000001 REV 02

4-36

August 2005

EBS Radionuclide Transport Abstraction

example, estimations are based on a thermal loading and ventilation strategy;
engineered barrier system design (including drift liner, backfill, and drip-shield);
and natural system masses and fluxes that are consistent with those used in
other abstractions.
(4) Uncertainty is adequately represented in parameter development for conceptual
models, process models, and alternative conceptual models considered in developing
the abstraction of radionuclide release rates and solubility limits, either through
sensitivity analyses or use of bounding analyses.
(5) Parameters used to describe flow through and out of the engineered barrier,
sufficiently bound the effects of backfill, excavation-induced changes, and thermally
induced mechanical changes that affect flow.
(8) DOE adequately considers the uncertainties, in the characteristics of the natural system
and engineered materials, such as the type, quantity, and reactivity of material, in
establishing initial and boundary conditions for conceptual models and simulations of
thermal-hydrologic-chemical coupled processes that affect radionuclide release.
Acceptance Criterion 4-Model Uncertainty Is Characterized and Propagated Through the
Model Abstraction.
(1) Alternative modeling approaches of features, events, and processes are considered and
are consistent with available data and current scientific understanding, and the results
and limitations are appropriately considered in the abstraction.
(2) In considering alternative conceptual models for radionuclide release rates and
solubility limits, DOE uses appropriate models, tests, and analyses that are sensitive to
the processes modeled for both natural and engineering systems. Conceptual model
uncertainties are adequately defined and documented, and effects on conclusions
regarding performance are properly assessed. For example, in modeling flow and
radionuclide release from the drifts, DOE represents significant discrete features, such
as fault zones, separately, or demonstrates that their inclusion in the equivalent
continuum model produces a conservative effect on calculated performance.
(3) Consideration of conceptual model uncertainty is consistent with available site
characterization data, laboratory experiments, field measurements, natural analog
information and process-level modeling studies; and the treatment of conceptual
model uncertainty does not result in an under-representation of the risk estimate.
(4) The effects of thermal-hydrologic-chemical coupled processes that may occur in the
natural setting, or from interactions with engineered materials, or their alteration
products, on radionuclide release, are appropriately considered.
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Acceptance Criterion
Comparisons.

5-Model

Abstraction

Output

Is

Supported

by

Objective

(1) The models implemented in this total system performance assessment abstraction
provide results consistent with output from detailed process-level models and/or
empirical observations (laboratory and field testings and/or natural analogs);
(3) DOE adopts well-documented procedures that have been accepted by the scientific
community to construct and test the numerical models, used to simulate coupled
thermal-hydrologic-chemical effects on radionuclide release. For example, DOE
demonstrates that the numerical models used for high-level radioactive waste
degradation and dissolution, and radionuclide release from the engineered barrier
system, are adequate representations; include consideration of uncertainties; and are
not likely to underestimate radiological exposures to the reasonably maximally
exposed individual and releases of radionuclides into the accessible environment; and
4.3

CODES, STANDARDS, AND REGULATIONS

The relevant codes, standards, and regulations for the development of the EBS RT Abstraction
are listed in Section 9.2.
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5.
5.1

ASSUMPTIONS

ALL SEEPAGE FALLS ONTO DRIP SHIELD/WASTE PACKAGE

Assumption: It is assumed that the locations of seeps in the emplacement drifts are random with
respect to waste package locations, but that once a seep occurs, its location does not change over
time. It is also assumed that fragments of the drip shield that may rest on the waste package, or
fallen rock that may rest on the drip shield or waste package, do not divert any seepage flux. In
addition, it is assumed that all seepage into the drift falls on the crown of the drip shield, and in
the absence of a drip shield, all seepage falls on the crown of the waste package. In the event of
a breach in the drip shield, all the seepage that penetrates the drip shield contacts the
waste package.
Basis: Once seepage occurs during cooldown, the fracture characteristics that control the
location of seepage are not expected to change. If such changes occur, they are likely to be
limited in extent, or to occur in a random manner for many waste packages such that there is no
overall, significant effect on the interaction of seepage water with waste forms. The mean
seepage for the degraded drift is greater than for the non-degraded case, but the factors
controlling seep locations are still likely to occur in a random manner for many waste packages.
Cotnirmation Status: This assumption does not require confirmation because it maximizes the
duration of seepage contact with drip shields and waste packages as represented in TSPA-LA. It
also maximizes the flux of dripping water available to flow through breaches in the drip shield or
waste package, once such flow is initiated as represented in the TSPA-LA.
Use in the Model: This assumption is used throughout Sections 6 and 7.
5.2

EVAPORATION FROM A DRIP SHIELD DOES NOT OCCUR

Assumption: It is assumed that there is no evaporation of seepage water from the surface of the
drip shield.
Basis: The heat output from the waste package will cause the drip shield generally to be hotter
than the drift wall from which seepage water is dripping. Some seepage water that drips onto the
drip shield may be evaporated, thereby reducing the flux of water through the drip shield. A
reduction in the quantity of water flux through the drip shield reduces the potential for advective
transfer and subsequent release and transport of radionuclides from the waste packages. Ignoring
the process of evaporation in this analysis therefore bounds (maximizes) the impacts of the
seepage flux on waste packages.
Although some splashing or splattering can occur as water droplets impinge on the drip shield,
the splash distance would be limited, and the water would effectively be redistributed over the
top of the drip shield. If water droplets were to fall near the edge of the top plate, some splashes
could fall onto the invert or lower walls of the drift and drain directly into the invert. This
situation would minimize the degrading effects of water dripping on the drip shield and therefore
is eliminated from consideration in order to bound the impacts of the seepage flux on
waste packages.
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Confirmation Status: This assumption does not require confirmation because it provides for a
reasonable upper bound on the flux available to interact with the drip shield and waste
package, and bounds (maximizes) the potential degrading effects of seepage water on the
drift environment.
Use in theModel: This assumption is used in Sections 6.3.2.4, 6.5.1.1, and 7.2.1.
5.3

EVAPORATION FROM A WASTE PACKAGE DOES NOT OCCUR

Assumption: It is assumed that evaporation of water from the surface or interior of a waste
package does not occur.
Basis: Although heat released by spent nuclear fuel (SNF) will evaporate seepage water that
drips onto the surface of or flows into breaches in a waste package, this process is not included in
the analysis. Advective transport within the EBS is not possible if evaporation eliminates liquid
fluxes. Therefore, evaporative processes are eliminated from this analysis to maximize the
potential for advective transport of radionuclides. In addition to maximizing the advective flux
of radionuclides from a waste package, this assumption also allows the water saturation inside a
failed waste package to be set at 100 percent (fully saturated) in a codisposal waste package or in
the degraded waste rind inside a failed fuel rod in a CSNF waste package, thereby maximizing
the amount of water available for dissolving radionuclides. This assumption comes into play
only after the thermal peak period of roughly 1,000 years (BSC 2005 [DIRS 173944],
Figure 6.3-67), since dripping onto a waste package will not occur until the drift has cooled
sufficiently for liquid water to be present. Because the relative humidity in the drift is low
during the thermal peak period, condensation on cooler waste packages is unlikely, precluding
evaporation from those surfaces.
ConfirmationStatus: This assumption does not require confirmation because it is used to ensure
the maximum potential for advective transport of radionuclides.
Use in the Model: This assumption is used in Sections 6.3.3, 6.5.1.1.3, and 7.2.2.
5.4

PRODUCTION OR CONSUMPTION OF WATER BY CHEMICAL REACTIONS
DOES NOT OCCUR

Assumption: It is assumed that chemical reactions in the EBS neither produce nor consume
water and therefore do not effect on the water mass balance in the EBS.
Basis: Chemical processes in the EBS could produce or consume water. This is generally a
small effect. Although unlikely, water could possibly be produced by the decomposition of
hydrated salts or minerals. However, this phenomenon would only occur at elevated
temperatures where liquid water would not be present; this would result in the release of water
vapor rather than liquid water, and therefore would not directly affect liquid water fluxes. Water
absorption by hygroscopic salts deposited on the drip shield and waste package surfaces as dust
or as precipitates from earlier drift seepage may lead to the formation of aqueous solutions when
the relative humidity reaches the deliquescence point of the salts (BSC 2004 [DIRS 169863],
Sections 6.3 and 6.6). While this phenomenon may have important implications for corrosion
processes, the quantity of liquid potentially produced by deliquescence is minimal and thus
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assumed to be negligible, limited by the amount of salts that can be deposited on the waste
package and drip shield surfaces. It is therefore reasonable to neglect the formation of
aqueous solutions due to water absorption by hygroscopic salts as a source of water for
advective transport.
However, consumption of water, particularly by corrosion reactions, is likely to occur. Anoxic
corrosion of iron inside a waste package is a prime example of a water-consuming process that
can consume enough water to impact flow through a waste package. Formation of hydrated
corrosion products may also consume negligibly small amounts of water. Water absorption by
hygroscopic salts deposited on the drip shield and waste package surfaces as dust or as
precipitates would consume water as long as the relative humidity remains below the
deliquescence point of the salts, although the quantity of water consumed is likely to be
negligible. Neglecting consumption of water in the EBS radionuclide transport analysis is a
bounding assumption, providing more water for dissolution and transport of radionuclides, and
potentially greater releases, than would otherwise occur.
Confirmation Status: This assumption does not require confirmation because it bounds
(maximizes) the amount of water potentially available for advective transport and release
of radionuclides.
Use in the Model: This assumption is used throughout Sections 6 and 7.
5.5

THIN WATER FILMS ALWAYS EXIST BELOW 100 0 C

Assumption: A thin film of adsorbed water is assumed always to exist on the surfaces of internal
waste package components and corrosion products in a breached waste package. This water film
is assumed to be continuous and to behave as bulk liquid insofar as allowing radionuclides to
dissolve in and diffuse through it. Colloids are also assumed to diffuse through this film.
At and above 100°C, the thin film is assumed to evaporate, and no transport of radionuclides
takes place.
Basis: All surfaces exposed to water vapor will adsorb water.

The amount of adsorbed

water vapor depends principally on the nature of the sorbing material and the ambient
relative humidity.
The first layers of adsorbed water often do not contain ions from the sorbing solid (Lee 1994 and
Staehle [DIRS 154380], p. 73). This indicates that multiple water layers are needed in order for
solid species (such as radionuclides) to dissolve and diffuse. Thus, to assume that radionuclides
will dissolve in and diffuse through the adsorbed water film regardless of its thickness will
overestimate releases of radionuclides. It is also necessary to assume that the water film is
continuous, i.e., there are no gaps in the film from one particle or surface to the next, so that
radionuclides can diffuse throughout the waste package interior and through corrosion products.
In determining the amount of water adsorbed on surfaces inside the waste package, the relative
humidity inside a degraded waste package is assumed to be the same as in the drift.
Above the boiling point of water, the thin films are assumed to evaporate. Due to the lack of a
continuous water film, transport cannot take place. The boiling point is nominally 100°C, but
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may vary due to the elevation of the repository or to dissolved salts in the water film.
Temperatures above the boiling point will exist at least through the thermal peak period of
roughly 1,000 years (BSC 2005 [DIRS 173944], Figure 6.3-67), and may continue to exist on
certain waste packages well beyond that time.
Confirmation Status: This assumption does not require confirmation because it allows for
radionuclide transport due to the presence of a continuous thin film of water on the surfaces of
internal waste package components and corrosion products.
Use in the Model: This assumption is used in Section 6.3.4.
5.6

NO CORROSION PRODUCTS EXIST IN THE INVERT

Assumption: It is assumed that no corrosion products exist in the invert.
Basis: Neglecting the corrosion products in the invert is an assumption that maximizes the
potential transport of radionuclides through the invert. The invert consists of a carbon steel
structural frame supported on the lower drift walls, and of crushed tuff ballast placed below and
between the steel frame members. The invert steel structure consists of transverse beams
anchored at each end on the drift wall, and of three longitudinal beams which directly support the
waste package pallet. When the invert steel beams corrode, most of the iron oxide corrosion
products will end up in the crushed tuff component of the invert. In addition, communication
cables will eventually corrode, leaving copper oxide corrosion products in the invert. The
crushed tuff has little radionuclide sorptive capacity compared to the metal oxide corrosion
products, which are capable of sorbing large amounts of radionuclides, potentially enhancing the
barrier capability of the invert. However, the corrosion products in the invert will tend to be
localized and widely separated. For example, the transverse support beams in the invert are
spaced 1.524 m (5 ft 0 in.) apart (BSC 2004 [DIRS 169503]). Thus, the corrosion products of
the support beams will reside in a strip a few centimeters wide separated by 1.524 m of crushed
tuff containing little or no corrosion products. Compared with the length of a waste package
[3.45 m (5 DHLW/DOE SNF - Short) to 5.84 m (Naval long) (BSC 2004 [DIRS 169472],
Table 1)], the width of regions within the invert that would potentially contain corrosion
products is small. Therefore, the chance of radionuclides being released from the waste package
and passing through corrosion products in the invert is proportionately small. Although the
invert will contain steel corrosion products, it is bounding in terms of radionuclide releases to
neglect their presence.
Confirmation Status: This assumption does not require confirmation because it is a bounding
assumption that reduces the potential effectiveness of the invert as a transport barrier; i.e., the
potential for radionuclide sorption by steel corrosion products is ignored.
Use in the Model: This assumption is used in Section 6.3.4.2.
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5.7

NO PHYSICAL FILTRATION OR GRAVITATIONAL SETTLING OF COLLOIDS

Assumption: It is assumed that physical filtration and gravitational settling of colloids will not
occur within the waste package and the drift.
Basis: Filtration processes may affect transport of radionuclide-bearing colloids in the waste and
EBS. Colloid filtration as discussed here refers to the physical removal of colloids from a flow
system by pore clogging, sieving, and straining. Filtration of colloids generally means the
retention of colloids moving with the suspending fluid in pores, channels, and fracture apertures
that are too small or dry to allow passage of the colloids.
In the EBS RT Abstraction, the assumption is made that all stable colloids formed within the
waste package (the calculated colloid source term) exit the package and enter the invert without
filtration. These colloids will then move through the invert material without being subjected to
filtration until they reach the underlying UZ.
Filtration is excluded on the basis of low consequence. Since filtration within the waste package
and the invert will actually occur to some extent, the modeling approach of neglecting filtration
overestimates the potential impact of colloid-facilitated transport of radionuclides in the
TSPA-LA dose calculations and is considered bounding.
In the EBS RTAbstraction, it is assumed that all stable radionuclide-bearing colloids will not be
subject to gravitational settling. Assuming that gravitational settling will not occur results in an
overestimation of the potential consequences of colloid-facilitated transport of radionuclides and
is considered bounding.
Confirmation Status: This assumption does not require confirmation because it is a bounding
assumption that reduces the potential effectiveness of the invert as a transport barrier.
Use in the Model: This assumption is used in Section 6.5.1.2.
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6.
6.1

MODEL DISCUSSION

MODELING OBJECTIVE

The objective of the EBS RTAbstraction is to provide the conceptual model used to determine
the time-dependent flux of radionuclides from the EBS to the unsaturated zone in the TSPA-LA.
In particular, this model is used to quantify such releases from a failed waste package and the
subsequent transport of those radionuclides through the EBS to the emplacement drift
wall/unsaturated zone interface. The basic time-dependent inputs to the EBS RTAbstraction in
TSPA-LA calculations consist of the drift seepage influx, the environmental conditions in the
drift (temperature, relative humidity, and water chemistry), and the degradation state of the EBS
components. Outputs consist of the rates of radionuclide fluxes to the unsaturated zone as a
result of advective and diffusive transport, radionuclide solubility, retardation, the degree of
liquid saturation of the waste form and invert materials, and the impact of colloids on potential
radionuclide transport. The EBS RT Abstraction is implemented directly into the TSPA-LA
GoldSim model to compute the release rates; details of the implementation are provided in
Section 6.5.3.
6.1.1

Engineered Barrier System Components

The EBS consists of the emplacement drift, waste form, cladding, drip shield, the waste package
on an emplacement pallet, and an invert constructed with steel supports and filled between the
steel framework with crushed tuff (BSC 2005 [DIRS 173978], Table A-i). The EBS RT
Abstraction focuses on the drip shield, waste package, and invert. Each of the components of the
EBS is designed to act as a barrier to prevent or delay the mobilization and release of
radionuclides into the geologic environment (see Section 6.7 for a summary of barrier
capabilities). For example, the drip shield is designed to redirect any seepage that flows into the
drift away from the waste package. The invert supports the waste package and emplacement
pallet. It acts as a barrier to diffusive transport of radionuclides in liquids if the liquid saturation
in the crushed tuff is low. Figure 6.1-1 presents a typical cross-section of an emplacement drift
and the major components of the EBS.
The drip shield is fabricated from titanium, a corrosion-resistant material to provide long-term
effectiveness. The waste package outer corrosion barrier is comprised of Alloy 22. The major
corrosive processes are stress corrosion cracking in the closure lid welds of the waste package,
localized corrosion in the waste package outer corrosion barrier, and general corrosion for both
the drip shield and waste package.
Once the drip shield fails (i.e., is initially breached), a portion of the total dripping flux can drip
onto the waste package. It is possible for breaches to occur at the gap between adjacent waste
packages. If breaches in the drip shield occur at the gap between two drip shield segments,
which happens to be above a gap between waste packages, the dripping flux would fall directly
to the invert, avoiding the waste package. The possibility that breaches in the drip shield can
occur over a gap, allowing liquid to bypass the waste package, is not considered in the EBS
RTAbstraction.
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Figure 6.1-1. Schematic Diagram of a Typical Emplacement Drift and the Major Components of the EBS

After the waste package fails (breached by corrosion, seismic damage, igneous intrusion, or early
failure mechanisms), a portion of the water that flows through the drip shield can enter the waste
package, mobilizing radionuclides in any degraded waste form, and transporting these
radionuclides into the unsaturated zone. Diffusion is the primary transport mechanism when the
flux into the waste package is small or zero, or if stress corrosion cracks are the only penetrations
through the waste package. Advective transport is important when the dripping flux occurs. In
this case, advective fluxes can pass through the breaches in the drip shield and waste package.
6.1.2

Scenario Classes for TSPA-LA

A modeling case is a well-defined, connected sequence of features, events, and processes (FEPs)
that can be thought of as an outline of a possible future condition in the repository system.
Modeling cases can be designated as undisturbed, in which case the performance would be the
expected or nominal performance of the system. Or, modeling cases can be designated as
disturbed, if altered by disruptive events, such as human intrusion, or by natural phenomena,
such as volcanism or nuclear criticality. A scenario class is a set of related modeling cases that
share sufficient similarities to aggregate them usefully for the purposes of screening or analysis.
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The scenario classes included in TSPA-LA are the nominal scenario class, igneous scenario
class, and seismic scenario class.
The three scenario classes are described briefly below. The EBS RTAbstraction applies to the
nominal scenario class. Further information on the Igneous Scenario Class may be found in
Atmospheric Dispersal and Deposition of Tephra from a Potential Volcanic Eruption at Yucca
Mountain, Nevada (BSC 2004 [DIRS 170026]) and Dike/Drifit Interactions (BSC 2004
[DIRS 170028]). Further information on the Seismic Scenario Class may be found in Seismic
Consequence Abstraction (BSC 2005 [DIRS 173247]) and Characterize Framework for
Seismicity and StructuralDeformation at Yucca Mountain, Nevada (BSC 2004 [DIRS 168030]).
Nominal Scenario Class-The nominal scenario class for TSPA-LA encompasses all of the
FEPs that are screened in, except for those FEPs related to igneous or seismic activity. This
scenario class therefore incorporates the important effects and system perturbations caused by
climate change and repository heating that are projected to occur over the 10,000-year
regulatory-compliance period. In addition, the nominal scenario class considers that the waste
packages and drip shields will be subject to EBS environments and will degrade with time until
they are breached and expose the waste forms to percolating groundwater. Then the waste forms
will degrade, releasing and mobilizing radionuclides that subsequently will be transported out of
the repository. Radionuclides released from the repository then will be transported to the
saturated zone by the groundwater percolating through the unsaturated zone below the
repository, and then transported to the accessible environment by water flowing in the
saturated zone.
The nominal scenario class is represented by two modeling cases. The first modeling case is for
those waste packages that degrade by corrosion (general corrosion, stress corrosion cracking, and
localized corrosion) under expected repository conditions. The second modeling case is for
those waste packages that fail early due to manufacturing and material defects and
pre-emplacement operations including improper heat treatment.
Igneous Scenario Class-The igneous scenario class describes performance of the repository
system in the event of igneous activity that disrupts the repository and is represented by two
modeling cases: (1) igneous intrusion into the repository emplacement drifts that results in
release of radionuclides to the groundwater and (2) volcanic eruption through the repository
resulting in release of radionuclides to the atmosphere. Both modeling cases assume that the
igneous event consists of a magmatic penetration of the repository at some time after
permanent closure.
The igneous intrusion modeling case assumes that an igneous dike intersects drifts of the
repository and destroys drip shields and waste packages in those drifts intruded by magma,
exposing the waste forms to percolating water and mobilizing radionuclides. The released
radionuclides can then be transported out of the repository, and flow down through the
unsaturated zone to the saturated zone, and then be transported through the saturated zone flow
and transport system to the accessible environment. Radionuclide releases occur only as a result
of igneous interactions with EBS components and not as a result of drip shield or waste package
corrosion processes or early waste package failure.
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The volcanic eruption modeling case assumes that the magma flow associated with a dike
intersects the repository and destroys a limited number of waste packages, transports waste from
the destroyed waste packages to the land surface through one or more eruptive conduits, and then
discharges tephra and entrained waste into the atmosphere and transports it downwind.
Seismic Scenario Class- The seismic scenario class describes performance of the repository
system in the event of seismic activity that could disrupt the repository system. The seismic
scenario class represents the direct effects of vibratory ground motion and fault displacement
associated with seismic activity by considering the effects of the seismic hazards on drip shields,
waste packages, and cladding. The seismic scenario class also takes into account changes in
seepage, waste package degradation, and flow in the engineered barrier system that might be
associated with a seismic event. The conceptual models and abstractions for the mechanical
response of engineered barrier system components to seismic hazards are documented in Seismic
Consequence Abstraction(BSC 2005 [DIRS 173247]).
The seismic scenario class is represented by two modeling cases. The first modeling case
includes those waste packages that fail solely due to the ground motion damage associated with
the seismic event. Only stress corrosion cracks appear on the waste packages from ground
motion damage; these only allow diffusive transport of radionuclides. The presence of damaged
areas and possible stress corrosion cracks on the drip shields are excluded from the TSPA-LA
model (Seismic Consequence Abstraction, BSC 2005 [DIRS 173247], Sections 6.5.4 and 6.3.6).
The primary cladding failure mechanism from vibratory ground motion is perforation due to
accelerations when a waste package impacts an emplacement pallet or when there is an
end-to-end impact between adjacent waste packages. The failed cladding fraction varies as a
function of peak ground velocity.
The second modeling case includes only those waste packages that fail due to fault displacement
damage. The drip shields over the waste packages that are damaged by fault displacement are
completely degraded. Therefore, this group of waste packages could also be potentially
damaged by crown seepage-induced localized corrosion after the seismic event has occurred.
The cladding is fully failed in this modeling case while the damage area from the fault
displacement on the waste package varies. The resulting damage is modeled as allowing flow
into the waste package (if seepage is present) and allowing advective and diffusive transport out
of the waste package.
6.2

FEATURES, EVENTS, AND PROCESSES INCLUDED IN THE MODEL

The development of a comprehensive list of FEPs potentially relevant to postclosure
performance of the Yucca Mountain repository is an ongoing, iterative process based on
site-specific information, design, and regulations. The approach for developing an initial list of
FEPs, in support of TSPA-Site Recommendation (SR) (CRWMS M&O 2000 [DIRS 153246]),
was documented in The Development of Information Catalogued in REVOO of the YMP FEP
Database(Freeze et al. 2001 [DIRS 154365]). The initial features, events and processes (FEP)
list contained 328 FEPs, of which 176 were included in TSPA-SR models (CRWMS M&O 2000
[DIRS 153246], Tables B-9 through B-17). To support TSPA-LA, the FEP list was re-evaluated
in accordance with The Enhanced Planfor Features,Events, and Processes (FEPs) at Yucca
Mountain (BSC 2002 [DIRS 158966], Section 3.2), resulting in the LA FEP list
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(DTN: MO0407SEPFEPLA.000 [DIRS 170760]). Table 6.2-1 provides a list of FEPs that are
included in TSPA-LA models described in this model document, summarizes the details of their
implementation in TSPA-LA, and provides specific references to sections within this document.
Screening arguments for both included and excluded FEPs are summarized in Engineered
Barrier System Features, Events, and Processes (BSC 2005 [DIRS 173781]). The following
excluded FEPs listed in the TWP (BSC 2005 [DIRS 173617], Table 1) as being associated with
this report are summarized in Engineered Barrier System Features, Events, and Processes
(BSC 2005 [DIRS 173781 ]) and are not addressed in this report:
S
0
0
S

2.1.06.05.OA 2.1.08.01.0B 2.1.08.14.OA 2.2.07.06.OA 2.2.07.21 .OA -

Mechanical degradation of emplacement pallet
Effects of rapid influx into the repository
Condensation on underside of drip shield
Episodic/pulse release from repository
Drift shadow forms below repository.
Table 6.2-1.

Included FEPs for This Report
Section Where Disposition
Is Described
6.3.2.4
6.5.1.1
6.3

FEP No.
2.1.06.06.OA

FEP Name/FEP Description
Effects of drip shield on flow

2.1.08.04.OA

2.1.08.05.OA

Condensation forms on roofs of drifts (drift-scale
cold traps)
Condensation forms at repository edges
(repository-scale cold traps)
Flow through invert

2.1.08.06.OA

Capillary effects (wicking) in EBS

2.1.08.07.OA

Unsaturated flow in the EBS

6.3
6.5

2.1.09.05.OA

Sorption of dissolved radionuclides in EBS

6.3.4.2
6.5.1.2
6.5.3

2.1.09.08.OA

Diffusion of dissolved radionuclides in EBS

6.3.1.2
6.3.4.1
6.5.1.2
6.5.3.1

2.1.09.08.0B
2.1.09.19.0B

Advection of dissolved radionuclides in EBS
Advection of colloids in EBS

6.3.1.2

2.1.09.24.OA

Diffusion of colloids in EBS

2.1.11.09.OA

Thermal effects on flow in the EBS
Long-term release of radionuclides from
the repository

6.3.4.4
6.5.1.2
6.5.3
6.3.1.1

2.1.08.04.0B

2.2.07.06.0B
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6.3

BASE CASE CONCEPTUAL MODEL

6.3.1

Introduction and Overview

6.3.1.1

EBS Flow Abstraction

The primary source of inflow to the EBS is the dripping flux from the crown (roof) of the drift
and includes seepage flux and any condensation that may occur on the walls of the drift above
the drip shield. The seepage flux is driven by downward infiltration through the existing fracture
system at Yucca Mountain. The seepage flux is conceptualized to flow from discrete fractures
above the roof of the drift, falling vertically downward, and is represented in the TSPA-LA
model through Abstraction of Drift Seepage (BSC 2004 [DIRS 169131]). Condensation on the
drift walls is represented in the TSPA-LA model through the In-Drift Natural Convection and
Condensation Model (BSC 2004 [DIRS 164327]). A secondary source of inflow to the EBS is
imbibition into the invert crushed tuff particles from the surrounding UZ rock matrix. The
inflow from these sources can flow through the EBS along eight pathways, as shown in
Figure 6.3-1.
Sepg luxIno heDrf

3
Flow through
Drip Shield
Diversion
around
Drip Shield

Flow through
Waste Package

Diversion around
Waste Package

Drip Shield

I'

Imbibition Flux
from Host Rock

Figure 6.3-1. Schematic of the Potential Flow Pathways in the EBS
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The eight pathways are (with the volumetric water flux through pathwayj designated by F1 ):
1.

Total dripping flux (F,)-This is the seepage inflow (dripping flux) from the crown
(roof) of the drift plus any condensation that may occur on the walls of the drift above
the drift shield.

2.

Flux through the drip shield (F2)-The flux through the drip shield is based on the
presence of patches due to general corrosion; localized corrosion on the drip shield is
not expected to occur within the regulatory time period for repository performance
(10,000 years) (BSC 2005 [DIRS 173978], Section 6.2.5), and stress corrosion
cracking on the drip shield has been screened out on the basis of low consequence
(BSC 2005 [DIRS 173781], Section 6.2.64). The liquid flux through corrosion
patches is proportional to the ratio of the axial length of the penetration(s) in the drip
shield to the total axial length of a drip shield section (see Section 6.3.2.4). This flux
splitting submodel for the drip shield should only be applied when there is a
time-varying failure of the drip shield.

3.

Diversion around the drip shield (F3)-The portion of the flux that does not flow
through the drip shield is assumed to flow directly into the invert.

4.

Flux through the waste package (F 4)-The flux through the waste package is based
on the presence of patches due to general corrosion and localized corrosion in the
waste package outer barrier. The number of patches in the waste package is calculated
independently of the EBS RT Abstraction by the WAPDEG code (BSC 2004
[DIRS 169996]). The flux through waste package corrosion patches is proportional to
the ratio of the axial length of the penetration(s) in the waste package to the total axial
length of a waste package (see Section 6.3.3.2).

5.

Diversion around the waste package (Fs)-The portion of the flux that does not flow
into the waste package bypasses the waste form and flows directly into the invert.

6.

Flux into the Invert (F6)-All water flux from the waste package is modeled as
flowing directly into the invert, independent of patch location on the waste package.
In addition, the fluxes that were diverted around the waste package (F5 ) and around the
drip shield (F3) flow into the invert. Only a portion of the total flux to the invert (the
flux through the waste package, F4 ) will contain radionuclides.

7.

Imbibition Flux to the Invert (F7)-Water can be imbibed from the host rock matrix
into the invert.

8.

Flux from the Invert to the Unsaturated Zone (F8 )-A portion of the advective flux
from the invert equal to the total dripping flux (F1 ) flows directly into the unsaturated
zone (UZ) fractures. The portion of the advective flux from the invert equal to the
imbibition flux to the invert (F7 ) flows into the UZ matrix.
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These pathways are time dependent, in the sense that total dripping flux, drip shield gaps, drip
shield penetrations, and waste package penetrations will vary with time and local conditions in
the repository.
The conceptual model for flow through the EBS includes three domains associated with
radionuclides: the waste form domain (composed of either fuel rods, HLW glass, or DSNF),
waste package corrosion products domain, and the invert domain. The waste form domain for
the codisposal packages is divided into two subdomains, HLW glass and DSNF, due to different
degradation characteristics of the waste form and associated transport parameters. The waste
form domain is conceptualized to have a concentric cylindrical geometry for volume
calculations, with one-dimensional flow. The waste form domain is part of the waste package
that contains fuel rods or glass logs and DSNF, which undergo alteration to form a rind. The
thickness of the rind changes as the degradation of the fuel rod or glass log continues; the DSNF
degrades almost instantaneously and the rind thickness remains fixed. The second domain
(corrosion products from degradation of steel internal components) fills the inside of a waste
package within the Alloy 22 outer corrosion barrier, so its thickness is uncertain and can be as
much as the radius of the waste package. The third domain (invert) is modeled as being in
intimate contact with the waste package and has a thickness of 0.597 m (see Section 6.5.3). This
is the average thickness of the invert, and appropriate for the one-dimensional transport
calculation. Because the presence of the emplacement pallet is ignored, water and radionuclides
pass directly from the waste package to the invert.
The waste form domain represents the source term for the TSPA-LA. Source term abstractions
are defined in other model reports or design documents for radionuclide solubility (BSC 2005
[DIRS 174566]), HLW glass dissolution rate (BSC 2004 [DIRS 169988]), cladding response
(BSC 2005 [DIRS 172895]), and inventory by waste package type (BSC 2004 [DIRS 169472],
Table 11). The source term represents input data or boundary conditions for the EBS RT
Abstraction and is not discussed in this document.
The final output from the EBSRTAbstraction is the mass flux of radionuclides (kg yr') from the
EBS into the unsaturated zone. The parameters and formulas for calculating the water fluxes in
the various pathways are summarized in Table 6.3-1.
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Table 6.3-1.

Summary of Parameters for EBS Flow Pathways

Flow Pathway, Pathway Flux Fj
1. Total dripping flux (seepage +
wall condensation), F1

Flow Parameters
Total dripping flux is a function of
fracture properties, rock properties,
air and water properties, and the
percolation flux.

2. Flux through the drip shield,
F2

LDs Patch is the axial half-length of
each patch due to general corrosion
of titanium.
LoS is the axial length of the drip
shield,
fcorrosion
Nptches ofthe
number of patchsin
patches of length LDSPatch in the drip
shield.

Data Sources & Notes
Abstraction of Drift Seepage (BSC
2004 [DIRS 169131]) and In-Drift
Natural Convection and Condensation
(BSC 2004 [DIRS 164327]) provide
time- and location-dependent values
of total dripping flux.
This flux splitting submodel for the drip
shield should only be applied when
there is a time-varying failure of the
drip shield. For the seismic scenario
class, the opening area is computed
based on the drip shield damage
fraction multiplied by the area of the
drip shield.

f'Ds is sampled uncertain parameter,

FluxSplitDSUncert.
F2 = min[FlNbDsLDs Patchf'DS/LDS, F1]

3. Diversion around drip

F3 = F, - F2.

Continuity of liquid flux.

4. Flux into the WP, F4

Lwp Patchis the axial half-length of
each patch due to general corrosion
of Alloy 22.
Lwp is the axial length of the WP.
Nbwp is the number of corrosion
patches in the waste package.
f'wp is sampled uncertain parameter,
FluxSplitWPUncert.
F = min[F2NbwpLwp PatchfWv/Lwp, F2]

WAPDEG (BSC 2004 [DIRS 169996])
provides the number of patches and
stress corrosion cracks on the WP.
No significant flow through stress
corrosion cracks due to plugging (BSC
2005 [DIRS 173781], Section 6.2.63).
Steady state flow through WP (outflow
= inflow in steady state; this is
bounding for release).

5. Diversion around the WP, F5
6. Flux to the invert, F6

F5 = F2 - F4

Continuity of liquid flux.
All advective flux enters the invert.
Only F4 can transport radionuclides

shield, F3

4

F6 = F5 + F4 + F3

= F1
7. Imbibition flux from the host
rock matrix into the invert, F7

F7

8. Flux from the invert into the
unsaturated zone, Fe

F8 = F6 + F7
= F, + F7

into the invert.

is an input to the EBS flow model.

Imbibition flux is provided by
Multiscale Thermohydrologic Model
calculations (BSC 2005
[DIRS 1739441).

Total dripping flux portion (FI) of
advective flux from the invert flows into
the UZ fractures, imbibition flux (F7)
flows into the UZ matrix.

WP=waste package; UZ=unsaturated zone

6.3.1.2

EBS Transport Abstraction

The waste form is the source of all radionuclides considered for the EBS. Radionuclides can be
transported downward, through the invert and into the unsaturated zone. Transport can occur
through advection when there is a liquid flux through the waste package and invert, via
pathways 4, 6, and 8 in Figure 6.3-1. Transport can also occur by diffusion in the waste form, in
the waste package corrosion products, in stress corrosion cracks in the lid of the waste package,
and in the invert, even in the absence of a liquid flux, because it is assumed (Assumption 5.5)
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that there is a continuous liquid pathway via thin films. Diffusive transport may occur via flow
pathways 4, 6, and 8 even when no advection occurs on those pathways in the EBS flow model.
A detailed mathematical description of transport in the EBS is presented in Section 6.5.1.2.
Retardation of radionuclides occurs in the waste package. Transport occurs by diffusion and by
advection. Table 6.3-2 summarizes the modes and parameters for the transport pathways
in the EBS.
Lateral and longitudinal dispersion are neglected in modeling radionuclide transport in the EBS.
Because the EBS radionuclide transport model is a one-dimensional model, the lateral dispersion
effects cannot be considered. This also maximizes the concentration in a given domain for
greater mass flux. Longitudinal dispersion could potentially be considered in the invert, where
advection is expected to occur due to imbibition flux, even when there is no drift seepage flux.
However, the longitudinal dispersivity is uncertain, being dependent on the scale of transport
(Anderson and Woessner 1992 [DIRS 123665], p. 326) and on porous media characteristics that
are not well-defined. Since the thickness of the invert is less than one meter, longitudinal
dispersion is expected to be small and to have negligible effect on the breakthrough times
through the invert compared to the simulated time-steps considered in TSPA (tens of years). In
addition, as shown in Section 6.3.4.1, the uncertainty in the invert diffusion coefficient ranges
over a factor of 20 and essentially encompasses the variable breakthrough times that could occur
from including the longitudinal dispersion. The dispersivity of the waste form and waste
package corrosion product domains is also difficult to characterize; however, because the scale
of these domains is comparable to that of the invert, and because the diffusion coefficients in
these domains are similar (or larger) than those in the invert, it is reasonable to neglect
dispersivity in these domains as well as in the invert.
There is no upward transport of radionuclides because there is no solid medium with a liquid
pathway above the drip shield. After the drip shield is breached, upward diffusion is negligible
in comparison to the downward advective flux through the drip shield. Gas transport in the EBS
(FEP 2.1.12.06.OA) is excluded due to low consequence (BSC 2005 [DIRS 173781],
Section 6.2.78).
Colloid-facilitated transport of radionuclides is included in the EBS RT Abstraction.
Radionuclide transport from the waste package occurs in a liquid containing colloids and
dissolved radionuclides. There are three types of colloids in the EBS: (a) waste form colloids
from degradation of HLW glass, (b) iron oxyhydroxide colloids due to products from the
corrosion of steel waste package components, and (c) groundwater or seepage water colloids.
All three types of colloids may have reversibly sorbed radionuclides. The waste form colloids
may have irreversibly attached (embedded) radionuclides and the corrosion products colloids
may have reversibly attached (sorbed) radionuclides. However, some radionuclides, such as Pu
and Am, can be so strongly sorbed onto iron oxyhydroxide that for modeling purposes they can
be considered to be irreversibly sorbed. Colloids may be transported by diffusion as well as by
advection. The diffusion coefficient for colloids is less than that of dissolved species, but
colloids are not excluded from diffusion due to size.
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Table 6.3-2. Summary of Transport Modes and Parameters for the EBS Transport Pathways
Transport Pathway
1. Waste form and
corrosion products
domains

Transport Modes
Diffusion through stress
corrosion cracks (no
advective transport through
stress corrosion cracks).
Diffusion and advection
through corrosion products
and corrosion patches.

Transport Parameters and Data Sources
No lateral or forward dispersion.
Colloidal particles will transport radionuclides.
Diffusive area for each stress corrosion crack is
7.7 x 10-6M 2 (see Section 6.3.3.1.2.1).
Diffusive area for each patch is provided by WAPDEG
(BSC 2004 [DIRS 169996]).
Diffusion coefficient (all radionuclides):
*

2.299 x 10- cm 2 s-1 at 25 0 C (Mills 1973

[DIRS 133392], Table IIl)
Modified for porosity and saturation (see
Section 6.3.4.3.5); not modified for
temperature
* Reduced by a factor of 100 if radionuclide is
bound to a colloid (Section 6.3.4.4)
The flow cross-sectional area is given by the interface
between the waste package corrosion products
domain and the invert domain.
See Section 6.5.3 for further details.
Liquid flux for advection = F6 = F5 (diverted by WP) +
F4 (flux through WP) + F3 (diverted by drip shield).
Diffusion coefficient (all radionuclides):
* 2.299 x 10-5 cm 2 s-1 at 250 C (Mills 1973
[DIRS 133392], Table Ill)
t
Modified for porosity and saturation
(see
Section 6.3.4.1)
* Temperature modification defined in
Section 6.3.4.1.2; invert temperature is
provided by Multiscale Thermohydrologic
Model calculations (BSC 2005 [DIRS
173944])
* Reduced by a factor of 100 if radionuclide is
bound to a colloid (Section 6.3.4.4)
The flow cross-sectional area is the surface area
between the invert and the drift wall contacting the
invert.
*

2. Invert

Diffusion and advection
(F7
6 ) from corrosion
products domain through
the
invert.
Advc
mthe U
o
Advection from the UZ into

3. Invert-UZ interface

Advection from the invert
to UZ fractures (F6) and UZ
matrix (F7 ); total flux is F8.
Diffusion from the invert to
UZ fractures and matrix,

See Section 6.5.3 for further details.

The invert diffusion calculation uses radionuclide
concentrations in the WP corrosion products domain
as the boundary condition at the top of the invert and a
series of unsaturated zone computational cells below
the invert that provide a gradient to a zero radionuclide
concentration at some distance from the bottom of the
invert (Section 6.5.3.6).

WP=waste package; UZ=unsaturated zone

The diffusion coefficient in the invert is based on the self-diffusion coefficient of water at 25 0C
as a bounding value for all radionuclides. The effects of variable porosity, liquid saturation,
temperature, and uncertainty in the effect of these parameters are also included in calculating the
diffusion coefficient.

ANL-WIS-PA-000001 REV 02

6-11

August 2005

EBS Radionuclide Transport Abstraction

The corrosion products from the waste package and SNFs have the potential to be strong sorbers
for the actinides. Including sorption in the waste package and invert is beneficial to performance
because this process can retain radionuclides in the EBS and delay release to the unsaturated
zone. Because the waste package corrosion products are in intimate contact with or directly in
the flow or diffusion path of the radionuclide source inside the waste package, retardation by
corrosion products inside the waste package will occur. However, because corrosion products in
the invert are more localized and not necessarily in any flow path from the waste package,
sorption onto corrosion products in the invert is ignored (Assumption 5.6).
6.3.2
6.3.2.1

Water Flux through the Drip Shield (F 2)
Water Movement into and through a Drift (F1 and F 3)

Water movement from the land surface and down through the unsaturated zone at Yucca
Mountain is conceptualized to occur through a dual continuum of the rock matrix and a system
of fractures (Liu et al. 1998 [DIRS 105729]). Simulations of water movement through the
mountain yield estimates of percolation fluxes in the vicinity of the emplacement drifts that are a
function of drift location, the geologic unit in which the drift resides, and the climate,
which varies over time (BSC 2004 [DIRS 167652]). Consideration of the interactions between
water moving through the mountain and the EBS form the basis of this abstraction for
performance assessment.
The basic EBS design concept is shown in Figure6.1-1 (Canori and Leitner2003
[DIRS 166275], Figure 7-14). The drifts are 5.5 m in diameter. The bottom of the drift,
commonly referred to as the invert, is filled with a ballast material of crushed tuff. The waste
packages are to be placed on emplacement pallets that hold them in place above the invert. A
titanium drip shield surrounds the waste packages. The space between the waste package and the
drip shield, which is referred to as the axial space, is designed to remain air filled. The current
repository design does not include an engineered backfill material (Canori and Leitner 2003
[DIRS 166275]); all of the analyses in this report reflect the no-backfill design.
At early times, any water that enters the drift is vaporized and expelled due to the-heat output
from the waste packages. According to modeling of water movement through the EBS using
Multiscale Thermohydrologic Model (BSC 2005 [DIRS 173944]), much of the water that enters
the drift remains as liquid once thermal output has subsided after approximately 2,000 years.
Water that does seep into the drift can drip onto the drip shield and is diverted around the waste
package, into the invert.
Water enters the drift by seepage from the roof of the drift. In this section, this mechanism is
considered, followed by a discussion of water diversion around the drip shield.
6.3.2.1.1

Seepage and Condensation Flux (F1 )

Seepage Model for PA Inchlding Drift Collapse (BSC 2004 [DIRS 167652]) presents results of
drift-scale UZ flow modeling of the interaction between host rock containing a fracture
continuum and a drift for a variety of percolation flux rates and several sets of representative host
rock hydraulic parameters. The seepage flux was found to be related to the percolation flux.
However, the air-filled space below the roof of the drift acts as a capillary barrier that diverts
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water around the drift and limits seepage. These findings are consistent with the theory for
seepage exclusion around cylindrical cavities introduced by Philip et al. (1989 [DIRS 105743]).
Philip et al. showed that for given capillary properties of the host rock and a given drift diameter,
there exists a critical percolation flux beneath which water will not enter the drift. The
drift-scale unsaturated zone flow modeling results show a propensity for flow to diverge around
the drifts.
Abstraction of Drift Seepage (BSC 2004 [DIRS 169131]) provides the rationale for calculating
the seepage flux into the repository, accounting for thermal effects, spatial variability, and
uncertainty of properties. The fraction of drifts that experience water seepage as a function of
infiltration are given as a function of percolation rate. Across the range of percolation fluxes
expected, a large majority of the drifts remain dry. In-Drift Natural Convection and
Condensation Model (BSC 2004 [DIRS 164327], Section 8.3.1) provides the abstraction for
determining the amount of condensation on the drift walls. This condensation is added to the
seepage flux, resulting in the total dripping flux, Fl. The effects of repository-scale condensation
are captured within this model.
6.3.2.1.2

Diversion around the Drip Shield (F3 )

The drip shield has been designed to divert liquid water that may enter the drift away from the
waste package. If the drip shield works as designed (this issue is discussed in detail below), it
then acts as a no flow boundary. Any seepage that enters the drift moves downward under the
force of gravity. As water migrates downward around the drip shield, it encounters the invert.
The diversion around the drip shield occurs as droplets or rivulets, and any flow that enters the
invert is concentrated at the sides of the drip shield while the drip shield is intact.
Once in the invert, water migrates quickly into the unsaturated zone host rock at the bottom of
the drift.
The algorithm for calculating the flux diversion around a breached drip shield is discussed in
Section 6.3.2.4.
6.3.2.2

Drip Shield Effectiveness

Design drawings for the drip shield are given in D&E / PAIC lED Interlocking Drip Shield and
Emplacement Pallet (BSC 2005 [DIRS 173303]) with details in drawings 000-M00-SSEO00102-000-OOB (BSC2004 [DIRS 168067]), 000-MOO-SSEO-02001-000-OOA (BSC 2004
[DIRS 168326]), and other drawings cited on the information exchange drawing (lED). The drip
shield has roughly the shape of the top of a mailbox with vertical sides and a top section that is
curved for strength and to shed water. On one end, a drip shield connector guide is attached to
the top of the curved section. The connector guide is a square rib, 50 mm wide (BSC 2004
[DIRS 168326]), that is attached to and extends across the curved top section. This connector
guide provides extra stiffness to the end of the drip shield and can deflect seepage down the sides
of the drip shield. On the other end of the drip shield, a connector plate is attached. The
connector plate is 15 mm thick (BSC 2005 [DIRS 173303], Table 5) and also has a 50-mm-wide
square connector guide (BSC 2004 [DIRS 168326]) that is attached to the underside of the
connector plate.
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Adjacent drip shields are interlocked with one another. This is accomplished during installation
by lowering the connector plate of one drip shield over the upward extending connector guide of
the previously emplaced drip shield. The minimum overlap is the width of two connector
guides, 100 mm (BSC 2004 [DIRS 168067]), and the maximum overlap between adjacent drip
shields is 320 mm (BSC 2004 [DIRS 168067], Section A-A).
The gaps that exist between drip shields in this interlocking design can, potentially, provide a
pathway for water to penetrate the drip shield system. The potential for such leakage under
design conditions is considered here, followed by consideration of the ways in which the
integrity of the drip shield might become compromised. This discussion is limited to considering
the top of the drip shield because any water entering the contact between drip shields from the
side would simply flow down the vertical sides of the drip shields, never contacting the waste.
Consider a system where the titanium walls of the drip shield form a barrier to flow. Water flux
through the drip shield will now be limited to the gap where adjacent drip shields interlock. If
high seepage flux conditions exist, then the flow can be driven into this gap. First, the water
must travel laterally up to 320 mm to get beyond the overlap between the drip shields. As this
water travels, it must remain precisely along the crown of this gap between the drip shields. If
there is any deviation, the sloping sides of the drip shield impose gravity forces that will cause
the water to flow down the sides and into the invert. Second, the upward extending drip shield
connector guide provides a barrier to flow along the crown. Sufficient water pressure must be
provided to push water up and over this barrier. Furthermore, the connector guides provide
surfaces of contact with the drip shield and the connector plate. These contact surfaces maintain
continuity down along the sloping sides of the top portion of the drip shield. These contacting
surfaces will act akin to fractures in the sense that they impart capillarity and are able to transmit
water. Any water reaching this point would run down the contact between the drip shields. Note
also that the air-filled voids (having no capillarity) in between and beyond the connector guides
provide an additional barrier to flow.
6.3.2.3

Drip Shield Breaching

The advective flow of water into the EBS has been shown to be effectively segregated from the
waste packages as long as the integrity of the drip shield is maintained. Once corrosion patches
form in the drip shield or adjacent drip shields separate, seepage can drip through the drip shield
onto the waste package. The consequence of such drip shield failure is that a portion of the
seepage water flux now migrates through the drip shield and comes into contact with the waste
package. The thermal and mechanical response of the drip shield may produce gaps between
adjacent sections of drip shield. These breaching mechanisms are screened out in Engineered
BarrierSystem Features, Events, and Processes (BSC 2005 [DIRS 173781], Section 6.2.27,
FEP 2.1.11.07.OA; Section 6.2.27, FEP 2.1.06.07.0B).
6.3.2.4

Water Flux through and around a Breached Drip Shield (F2 and F 3)

Once the drip shield has been breached, a portion of the water flux (F2) will pass through the drip
shield and have access to the waste package. In this section, a flux splitting algorithm is
developed to determine the fraction of the seepage flux that can pass through a degraded drip
shield. A similar algorithm is developed in a later section to determine the fraction of the liquid
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flux through the drip shield that can enter a waste package. The flux splitting algorithm is
important to TSPA-LA because the liquid flux into the waste package determines in part the
transport of radionuclides by advection, an important release mechanism from the waste package
and from the repository.
Once the flux through the drip shield is known, the flux diverted around the drip shield, F3, is
calculated using a quasi-static continuity of flow approach:
F3 = F - F2 .

(Eq. 6.3.2.4-1)

Key features of the drip shield flux splitting algorithm include: (1) the dripping flux (seepage
plus condensation) into the drift falls as droplets from the top of the drift onto the crown of the
drip shield (Assumption 5.1); (2) droplets fall randomly along the length of the drip shield;
(3) only flow through general corrosion patches is considered; (4) evaporation from the drip
shield is neglected (Assumption 5.2); all of the seepage flux either flows through corrosion
patches or drains down the sides of the drip shield; and (5) all water that flows through breaches
in the drip shield flows onto or into the waste package.
Some aspects of the flux splitting algorithm have been defined or clarified by experiments. The
breached drip shield experiments (BSC 2003 [DIRS 163406]) were performed to validate the
drip shield flux splitting algorithm and to examine in more detail the real behavior of seepage
water impinging on and flowing over a drip shield. The tests were conducted by dripping water
onto a mock-up portion of a full-scale drip shield made of stainless steel. The mock-up section
included slightly more than half of the shield from the top/center down the curvature to the side.
The side was shortened along the longitudinal and vertical axes. Simulated corrosion
patches-square holes 27 cm wide, the size of nodes in an earlier version of the WAPDEG
corrosion model (CRWMS M&O 2000 [DIRS 151566], p. 36)-were cut into the drip shield at
various locations to enable measurements of flow through breaches in the drip shield. Tests were
performed with both smooth (machined stainless steel) and rough (silica anti-slip coating)
surfaces. Data from the tests on the smooth surface were used to develop parameter values for
the flux splitting submodel, whereas the rough surface test data were used to validate the
submodel. Tests were conducted in a test chamber in an environment that would minimize
evaporation (i.e., relative humidity of at least 80 percent). Water was dripped at various rates
intended to cover the expected range of seepage rates within the repository. The dripping
distance was the full-scale distance from the top of the drift to the crown of the drip
shield, 2.17 m (BSC 2003 [DIRS 163406], Figure 10), based on repository design.
The tests that were conducted included (BSC 2003 [DIRS 163406]): (1) splash radius tests to
determine the distance from the point of impact and a rough distribution of splattered water when
drops impinge on the surface of the drip shield; (2) spread factor tests to determine the lateral
rivulet spread distance from the drip impact point; (3) single patch splash tests to determine the
amount of water that enters targeted breaches as a result of splashing; (4) single patch flow tests
to determine the amount of water that flows down the surface of the drip shield and into patches;
(5) multiple patch tests to collect both splashed water and rivulet flows that entered all affected
patches; and (6) bounding flow rate tests to provide data for extreme drift seepage conditions to
compare with the nominal seepage rate.
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Observations during the breached drip shield tests revealed that the primary mechanism for water
to enter breaches is via rivulet flow that originates from an area around the point of drip impact.
Following droplet impact at the crown, water splatters within some distance from the point of
impact. The splattered water coalesces, forming beads that increase in size around the center of
impact with each successive drop. After a time, the beads closest to the downhill curvature reach
a critical mass and roll down the face of the drip shield in the form of a rivulet. The rivulet flow
area spreads out in a delta formation (i.e., the maximum spread is located on the vertical section
of the drip shield and the minimum spread is located at the point of impact). No film flow was
observed during tests on the smooth or the rough drip shield surfaces.
Evaporation could occur in two forms during the test-from a freely falling drop and from a flow
surface on the drip shield. The loss from a falling droplet is negligible; however, losses from the
drip shield surface can be large. Experimental measurements included determination of
evaporative losses. Although these data could be used to develop or validate a drip shield
evaporation model, evaporation is not considered in the current model, which maximizes the
potential for flow through breaches (Assumption 5.2).
For a given drip location onto the crown of the drip shield (see Assumption 5.1), the spreading of
the rivulet flow is defined by a spread angle, a, which is half of the total spread angle, formed
with the vertical plane through the impact point (Figure 6.3-2). The total lateral spread of the
rivulet flow is given by 2x tan a, where x is the arc length from the crown of the drip shield
down to a location of interest (e.g., a corrosion patch). In the breached drip shield experiments
(BSC 2003 [DIRS 163406]), the lateral rivulet spread to each side of the vertical plane, or
xtana, was measured.

For Nb breaches in the drip shield of length LDS with each patch

having a width of 2f (m), the flux through the drip shield is given by:
F2=F!Lltsn,
Lf+'--a

Ds.

(Eq. 6.3.2.4-2)

For details of the mathematical development of this expression, see Section 6.5.1.1.2.4.
Droplet
Impact
S

Crown of Drip Shield

a

II

I,

I

I

Ix

Spreading = 2xtana•
NOTE:

Curvature not shown.
Figure 6.3-2. Illustration of Spreading for Rivulet Flow on the Drip Shield
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The factor fDs accounts for the uncertainty in the submodel and is a sampled parameter in
TSPA-LA simulations. Sources of uncertainty include:
1. Drip location with respect to the crown of the drip shield-Drops that fall to either
side of the crown will not divide exactly in half, as assumed by this submodel.
2.

Patch location-Patches located on the crown will allow the entire dripping flux to
pass through, whereas Equation 6.3.2.4-2 considers all patches to be located off the
crown. For a given value of fDs, Equation 6.3.2.4-2 underestimates the flux into
crown patches because fDs <1, so F2 < F1 , i.e., not all of the total dripping flux can
flow through breaches. Since most of the randomly-located breaches occurring will
not be located on the drip shield crown, this is a reasonable approximation, but not a
bounding estimate of flow through drip shield breaches.

3.

Splattering distribution-Although splattering of drops when they impinge on the
drip shield is a random process, preferential directions or distributions could
develop, for example, due to surface alteration as a result of corrosion or drift
degradation (rockfall).

4.

Rivulet spread-The breached drip shield experiments showed that a range of rivulet
spread factors or spread angles can occur even on smooth surfaces. Surface roughness
also affects the rivulet spread angle. Precipitation of salts or accumulation of dust on
the drip shield surface could also affect rivulet flow.

5.

Interference among multiple patches-Implicit in this submodel is that the patches do
not interfere with each other, i.e., that no patch is lower on the drip shield surface than
another patch. Patches located below another patch will see reduced or zero flux
through the patch. By ignoring patch interference, water flux through the drip shield
will be overestimated.

6.

Patches outside the footprint of the waste package-Flux through these patches will
pass directly to the invert. Since the conceptual model requires that all flow through
the drip shield goes onto or into the waste package, Equation 6.3.2.4-2 will
overestimate that flow.

7.

Evaporation from the surface of the drip shield-Evaporation is neglected
(Assumption 5.2); if it occurs, the flux through the drip shield is less than predicted by
Equation 6.3.2.4-2.

8.

Size of corrosion patches-The WAPDEG model assumes a fixed size and shape for
all corrosion patches. In reality, the patches will vary widely in size and shape
randomly as well as over time.

Bounds and a distribution for fDs must be established for use in TSPA-LA calculations.
Because, under some of these uncertain conditions, the flux through the drip shield may be zero
even when breaches exist, an appropriate lower bound on fDs is zero. Under some other

ANL-WIS-PA-000001 REV 02

6-17

August 2005

EBS Radionuclide Transport Abstraction

circumstances mentioned above, the entire seepage flux could flow through the drip shield.
Thus, an upper bound on fDs cannot be specified apriori,but should be given by:
1
fAs

=

(Eq. 6.3.2.4-3)

Nb,(ltana,

-

LDS

which makes F2 = F,. Since the number of patches, Nb, varies over time, fDs should be a
function of time, with a starting value of zero and potentially reaching a value equal to the total
number of nodes in the WAPDEG corrosion model of the drip shield (BSC 2004
[DIRS 169996]). A uniform distribution is appropriate given that the uncertainty is difficult to
quantify. To ensure that the flux through the drip shield is not greater than the seepage flux, the
flux through the drip shield is computed as:
2=i[F Nbf l~tana-F]
[

=

+t

LDs

,)js,
,F.

(Eq. 6.3.2.4-4)

The uncertainty in spread angle a can be lumped in with fs since both would otherwise be
sampled independently. A lumped uncertainty factor fDs is defined as:
s=Itana f'
fs =(1+LanaJfDs,

(Eq. 6.3.2.4-5)

with the flux through the drip shield to be computed as:

2= min F,Lbgf-'F,

F2

I

LSDs,F,.

(Eq. 6.3.2.4-6)

In Section 6.5.1.1.2.4, an upper bound on fAs is developed based on results of the breached drip
shield experiments, and is used in the TSPA-LA model.
6.3.3

Water Flux through the Waste Package (F 4)

The conceptual model for the TSPA-LA is based on the assumed presence of continuous flow
paths through the patches that penetrate the waste package. More specifically, in the TSPA-LA
conceptual model, vertical flow of seepage into the waste package, through the waste form, and
out of the waste package is not impeded by the location of patches on the surface of the waste
package. In other words, there is no long-term build-up and retention of liquid within the waste
package for flow and transport. (An alternative conceptual model in which water fills the waste
package before any water flows out-the "bathtub" model-is evaluated in Section 6.4.1). There is
also no resistance to the flow through the waste form. The TSPA-LA approach attempts to
maximize the immediate release and mobilization of radionuclides, while retaining as much
realism as justified by the data and understanding of the physical and chemical processes that
take place.
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Radionuclides cannot be released from the waste package if there is insufficient water or if there
are no openings through either the wall or lid of the waste package. Section 6.3.3.1 describes the
types of openings that can form, how and where they form, the timing of their formation, and the
flow through these openings. The dimensions of these openings have implications for whether
water is able to flow into and through the waste package or whether transport out of the waste
package is by advection and/or diffusion. Section 6.3.3.2 describes the flux of liquid around or
through the waste package. Section 6.3.3.3 describes the alternative pathway for liquid to reach
the waste package; namely, evaporation from the invert and condensation on the inside of the
drip shield can provide a source of liquid to the exterior of the waste package even when there
are no openings in the drip shield. Section 6.3.3.4 describes the flux of liquid through the invert.
6.3.3.1
6.3.3.1.1

Breaching of the Waste Package
Waste Package Design

Ten waste package configurations are planned for the waste to be emplaced in the repository,
where the nominal quantity for LA is shown in parentheses (BSC 2004 [DIRS 169472], Tables I
and 11):
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

21 -PWR with absorber plates (4,299)
21-PWR with control rods (95)
12-PWR (163)
44-BWR (2,831)
24-BWR (84)
5 DHLW/DOE SNF - Long (1,406)
5 DHLW/DOE SNF - Short (1,147)
2-MCO/2-DHLW (149)
Naval Short (144)
Naval Long (156).

Waste packages are broadly categorized as CSNF waste packages (21-PWR and 44-BWR are the
most common), codisposal waste packages (5 DHLW/DOE SNF-Short and Long), and Naval
Short and Long waste packages. Although waste packages vary depending on the waste form
they contain, the majority of designs have features in common. These commonalties are
described here. The waste package consists of a cylindrical inner stainless steel vessel, which is
sealed with a stainless steel lid. The inner vessel is placed into an Alloy 22 outer corrosion
barrier, which is sealed with a middle and outer lid. The inner vessel has 5-cm-thick walls and
lid that provide structural integrity for the waste package. The Alloy 22 outer corrosion
barrier has a wall approximately 2 cm thick, a middle lid approximately 13 mm thick, and
a 2.5-cm-thick outer lid, that provide resistance to corrosion. Design information for waste
packages is provided on IED, D&E / PA/C lED Typical Waste Package Components Assembly
(BSC 2004 [DIRS 169472]), which identifies detailed design drawings, including drawings of
the 21 -PWR, 44-BWR, the 5 DHLW/DOE SNF - Short, and the Naval Short and Long waste
packages, among others.
The stainless steel inner vessel of the waste package is modeled as having no resistance to
corrosion as reflected in WAPDEG Analysis of Waste Package and Drip Shield Degradation,
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(BSC 2004 [DIRS 169996] Section 6.3), forming an immediate flow pathway once the outer
(Alloy 22) corrosion barrier has been breached. Similarly, as modeled, the closure weld on the
inner stainless steel lid, as part of the stainless steel inner vessel, has no resistance to corrosion,
and the inner lid fails once the outer lids have failed.
6.3.3.1.2

Types of Openings

Three general types of openings can exist in the waste package due to corrosion. These are
(1) radial stress corrosion cracks that penetrate the welds of the lids, (2) patches resulting from
general corrosion, and (3) localized corrosion. Stress corrosion cracks and general corrosion
patches are discussed in turn below. The opening area from localized corrosion is described in
the General Corrosion and Localized Corrosion of Waste Package Outer Barrier (BSC 2004
[DIRS 169984], Section 8.3.1).
6.3.3.1.2.1

Radial Stress Corrosion Cracks in Lid Welds

Stress corrosion cracks can appear because of the residual tensile stresses generated during the
process of welding the lids in place. It is not possible to anneal the final closure welds, although
laser peening has been proposed as a means to mitigate residual stress in waste package closure
lid welds (BSC 2004 [DIRS 172203], Section 6.4.4). Stress corrosion cracks will typically form
along two orientations. Radial stresses can generate circumferential cracks while hoop stresses
can generate radial cracks. Only radial stress corrosion cracks are considered in the EBS RT
Abstraction because circumferential cracks are unlikely to penetrate the thickness of the lids.
Cracks require the presence of tensile stress for initiation and propagation.
Detailed
finite-element analyses of the welding process demonstrate that only compressive radial stresses
exist at the inner surface (BSC 2004 [DIRS 172203], Figure 6-11, Cross-Section 1-1). In this
condition, circumferential cracks cannot propagate through the thicknesses of the lid welds and
are therefore not considered in the EBS RTAbstraction.
Radial cracks are transverse to the weld and cannot be much longer than the weld width. A
radial crack opening has an elliptical shape with length 2a and a gap width 8 (BSC 2004
[DIRS 172203], Section 6.5.2). The equation given by Tada et al. (1973 [DIRS 118706], p. 13.5)
can be used to calculate the gap width, 6(m), for a crack with length 2a in an infinite sheet under
plane stress load:
C= 4ac,,,
E

(Eq. 6.3.3.1-1I

where E is the modulus of elasticity (Pa), 2a is the crack length (m), and o0, is the applied stress
(Pa). Values forE for Alloy 22 are given in DTN: MO0107TC239753.000 [DIRS 169973].
The residual hoop stress in the as-welded waste package outer lid is higher on the outside surface
than on the inside surface (BSC 2004 [DIRS 172203], Table 6-9). The resulting shape of the
crack is then an ellipsoidal cone where 2a is the length of the long axis, and short axis lengths 1o
and 5i are the gap widths for the outside and inside surfaces, respectively. The depth d of the
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crack is taken to be the lid thickness. Figure 6.3-3 is a schematic diagram of the geometry of the
ellipsoidal cone crack.

2a

Figure 6.3-3. Schematic of the Dimensions for an Ellipsoidal Crack

A range of values of o-, the residual stress, and the maximum length 2a of a radial crack can be
estimated. The region of high residual stress is identified from finite-element simulations
(BSC 2004 [DIRS 172203], Section 6.4). The expected maximum length of a radial crack is
approximately two times the lid thickness (BSC 2004 [DIRS 172203], Section 6.5.1). For an
outer lid thickness of 25.4 mm (BSC 2004 [DIRS 167394]), the maximum crack length is
approximately 50 mm. Table 6.3-3 gives the calculated gap width, based on Equation 6.3.3.1-1
and typical residual stresses at the inner and outer surface of the lid for a 21-PWR waste package
(BSC 2004 [DIRS 172203], Table 6-9).
The cross-sectional area of the stress corrosion crack is important for transport by diffusion. The
bounding (largest) cross-sectional area is defined by conditions at the outer surface of
the 5-cm-long crack. The area of this ellipse is ,zab, where 2a is 5 cm and b is one-half of the
larger gap width on the outer surface (in Table 6.3-3). The cross-sectional area of a single stress
corrosion crack is then ;z(0.025 m)(9.8 x 10-5 m) or 7.7 x 10- m2 .
An updated analysis of stress corrosion cracking is given in Stress Corrosion Cracking of the
Drip Shield, the Waste Package Outer Barrier, and the Stainless Steel Structural Material
(BSC 2004 [DIRS 172203]). For the base conceptual model (BSC 2004 [DIRS 172203],
Appendix B, Table B-2), the estimated crack opening is smaller than the crack opening
of 7.7 x 10-6 m2 obtained in this section. Therefore, use of this value in TSPA-LA calculations
when stress corrosion cracking occurs will overestimate the rate of release of radionuclides
compared with the updated values in (BSC 2004 [DIRS 172203]).
Table 6.3-3. Calculated Gap Width for a Range of Residual Stresses at 400°F (Approximately 2000C) in
a 21-PWR Container
Parameter

Inner Surface

Hoop stress, a, (BSC 2004 [DIRS 172203], Table 6-9)
Gap width for crack length 2a = 50 mm

231.1380 MPa
118 ftm

Outer Surface

385.0522 MPa
196 tm

Advective flow into stress corrosion cracks is unlikely because the waste package is not oriented
in such a way that water can flow in. Dripping water is capable of contacting a stress corrosion
crack only if the waste package is tilted upward. A possible mechanism for tilting is
emplacement pallet collapse due to corrosion that causes one end of the waste package to fall off
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its emplacement pallet. This maximum angle of tilt occurs when the lid end of the waste
package is elevated to the height of the inside of the drip shield while the other end rests against
the invert. However, as stated in Engineered BarrierSystem Features,Events, and Processes
(BSC 2005 [DIRS 173781], Section 6.2.23), the corrosion of the stainless steel connector tubes,
which support the pallet, over the regulatory period is expected to be low enough that the
connector tubes retain their structural integrity. Furthermore, chemical degradation of the pallet
is excluded on the basis of low consequence (BSC 2005 [DIRS 173781], Section 6.2.23). Also,
mechanical degradation of the pallet, including degradation from seismic loading, is excluded on
the basis of low consequence (BSC 2005 [DIRS 173781], Section 6.2.21). In additional, an
analysis of the pallet behavior during seismic events shows that the pallet will deform (bulge)
under dynamic loads imposed by the waste package but will continue to fulfill its function of
supporting the waste package (StructuralCalculationsof Waste PackageExposed to Vibratory
GroundMotion, BSC 2004 [DIRS 167083], Section 6.2.4, and Figure 9).
Advective flow of water through stress corrosion cracks can be neglected (BSC 2005
[DIRS 173781], Section 6.2.63, FEP 2.1.03.10.OA). This is realistic for several reasons. First, a
film that completely spans the opening of a stress corrosion crack creates a differential in
capillary forces that will prevent any further ingress of flowing water into the waste package.
Second, the presence of corrosion products in the small stress corrosion crack may provide a
capillary barrier for advective flux into the waste package. Third, in addition to a capillary
barrier, corrosion products filling the corrosion cracks will provide resistance to flow, requiring a
large head or pressure gradient that is unlikely to exist. Fourth, because corrosion patches are
orders of magnitude larger in cross section and may appear in the same time frame, flow through
corrosion cracks is negligibly small compared to flow through patches.
The potential for atmospheric pumping, hygroscopic salts in the waste package, and the
uncertainty about film thickness make it difficult unequivocally to exclude liquid flow into the
waste package. In any case, the more important question is how much liquid flows out of the
waste package, advectively transporting radionuclides. Given the resistance to flow into the
waste package through stress corrosion cracks, flow out is even less likely. The exclusion of
flow through corrosion cracks in the conceptual flow model is compensated for at least in part by
the assumption that a continuous water film is always present in corrosion cracks through which
diffusion can occur (see Assumption 5.5) and by no restrictions on water vapor diffusing through
the cracks, which provides a mechanism for water to enter a waste package once stress corrosion
cracks exist.
6.3.3.1.2.2

Patches from General Corrosion

The main corrosion mechanisms for the outer corrosion barrier are general corrosion and
localized corrosion. The size and timing of patches resulting from general corrosion are
predicted by the WAPDEG analysis (BSC 2004 [DIRS 169996]).
6.3.3.1.3

Impact of Heat Generation Inside Waste Package

Heat generated by the waste form has the potential to evaporate water within the waste package.
In this situation, water cannot collect inside the waste package and cannot support advective
transport of radionuclides. Preliminary estimates using Multiscale Thermohydrologic Model
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(BSC 2005 [DIRS 173944], Section 6.3) indicate that the available heat can evaporate incoming
water for several thousand years. However, although evaporation is expected to occur,
complexities in the internal geometry of the waste packages (particularly the response of any
water pooled at the bottom of the package and the potential presence of small conduits for water
vapor to escape through stress corrosion cracks) make it difficult to say definitively that all
incoming water is evaporated.
The expected evaporation in the waste package is ignored in the TSPA-LA. This approach is
bounding because evaporation might eliminate advection as a transport mechanism. In addition,
by ignoring evaporation from a waste package, it becomes possible to specify a water saturation
of 1.0 (fully saturated) inside a failed waste package whenever dripping occurs. If evaporation
were accounted for, the water saturation inside a waste package would generally be less than 1.0,
which would reduce the amount of radionuclides that could dissolve in the water and be
advectively transported from the waste package. Lower water saturations would also reduce
estimates of diffusive releases, since both the diffusion coefficient and the cross-sectional area
for diffusion would be less. Thus, without these simplifying assumptions, the amount of
radionuclides transported from a waste package would be expected to be less.
As a simplification, it is assumed that no radionuclide transport occurs when the temperature in
the waste package is above 100*C (Assumption 5.5), when a continuous film of water needed for
transport is not expected to exist.
6.3.3.2

Water Flux through and around the Breached Waste Package (F4 and F5 )

The flux through (into and out of) the waste package, F4 , is conceptualized to be the flux
through patches, which originates from the flux thorough the drip shield (F 2 ). Advective flux of
water through stress corrosion cracks is unlikely and therefore is neglected (Section 6.3.3.1.2.1).
A quasi-steady state approach is used. The presence of a gap between adjacent waste packages
is neglected in the TSPA-LA model. Dripping onto the waste package from condensation on the
underside of the drip shield is screened out (BSC 2005 [DIRS 173781], Section 6.2.43).
A flux splitting algorithm analogous to the drip shield flux splitting algorithm (Section 6.3.2.4) is
developed here. The analogy is appropriate based on similarities in geometry and assumptions
regarding the source of liquid flux falling onto the waste package. The surface of the waste
package is a horizontal cylinder, as is the top of the drip shield, the primary difference that
impacts liquid flow on the curved surface being that the radius of curvature of the waste package
is smaller than that of the drip shield. Thus, flow behavior on the surface of the waste package
should be similar to that on the drip shield. In particular, if any water is available, it is expected
to flow over the surface of the waste package in rivulets rather than as film flow, based on
findings of the breached drip shield experiments (BSC 2003 [DIRS 163406]).
Whereas drip locations on the drip shield could reasonably be confined to the crown of the drip
shield (because the drift seepage flux will most likely originate from the crown of the drift), the
drip locations may be more widely dispersed on the waste package. This is the case for drips
that fall from breaches in the drip shield, which are randomly located on the drip shield. Since
breaches (mainly general corrosion patches) in the waste package are also randomly located, the
fraction of dripping flux falling on the waste package that flows into the waste package might be
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expected to be proportional to the total area of waste package patches. However, since drips that
fall onto an intact waste package surface will drain down the surface, the flux of water, if any,
entering a waste package is proportional to the total length of patches. Again, the analogy to the
drip shield applies. Rivulets flowing down the surface of the waste package are intercepted in
proportion to the lengths of the patches (ignoring interference by multiple patches).
Two other considerations reinforce the comparison with the drip shield. First, any condensation
on the underside of the drip shield that falls onto the waste package will fall from the crown of
the drip shield. Thus, for condensation at least, the geometry is completely analogous to that of
the drip shield inside the drift. Second, the drip shield is modeled as a single entity and all drip
shields in the repository fail by general corrosion at the same time in the model for a given
realization (BSC 2004 [DIRS 169996], Section 6.3),with uncertainty in the corrosion rate of the
drip shield resulting in different failure times in each realization. Once the drip shield is gone,
the seepage flux will now fall directly from the drift crown onto the waste package crown, again
completing the analogy with the drip shield under the drift crown. Since the corrosion rate of the
titanium drip shield is higher than that of the Alloy 22 waste package outer corrosion barrier, the
situation where a breached waste package lies unprotected under seepage from the drift crown
should be more likely than a breached waste package underneath a breached but still partially
effective drip shield. Therefore, within the uncertainty of the model, it is an appropriate
simplification to model the flux impinging on the waste package as falling entirely on the crown
of the waste package. One implication of this simplification is that, as with the drip shield, half
of this flux flows down each side of the waste package.
Based on these arguments, a flux splitting algorithm for the waste package can be given that is
completely analogous to the drip shield flux splitting algorithm:
LIFTnF2
.()

=Nb"CP

tan)'

1+ tan a Lj

7F 2

I I

],

K....

(Eq. 6.3.3.2-1)

where F4 is the flux through the waste package, F2 is the flux through the drip shield, and LWP
is the total axial length of the waste package. Nb,,,p patches each of length 2tep comprise the
breaches in the waste package. Flow through stress corrosion cracks is neglected as being
unlikely to occur (see Section 6.3.3.1.2.1).
The factor f,,wp accounts for the uncertainty in this algorithm. As with the corresponding factor
fms for the drip shield, bounds can be established for fi,,p based on the dimensions of the
patches and the waste package and the uncertain rivulet spread angle. A lower bound of zero is
necessary to account for the possibility that seepage through the drip shield is completely
diverted by an intact portion of the waste package outer corrosion barrier.
For an upper bound on f],,p, the drip shield experiments (BSC 2003 [DIRS 163406]) provide
some guidance. Since the radius of curvature of the waste packages is smaller than that of the
drip shield, the rivulet spread angle on the waste packages would be expected to differ from, and
probably be smaller than, the spread angle on the drip shield. In some experiments, the drip
location on the drip shield mock-up was well away from the crown on more steeply inclined
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regions of the drip shield. Rivulets flowing from those drip locations may simulate more closely
the behavior on a surface having a smaller radius, such as a waste package. Because the waste
package has a smaller radius and more curvature than the drip shield surface, more of the surface
is sloped to such a degree that water will readily flow down it by gravity. Only a larger
cylindrical surface (the drip shield mock-up) was available on which to observe gravity flow
behavior. Observations away from the crown, where the slope is steep enough to initiate flow as
readily as on a more highly curved surface, are appropriate analogs to measurements on an actual
smaller cylinder. An analysis of drip shield experimental data for off-crown drip locations
(Section 6.5.1.1.3) gives a mean spread angle of 13.70 and a range from 5.5' to 22.0'. In
analogy to fDs, an upper bound on fj,T can be obtained using the minimum rivulet spread angle
a of 5.5' and the known values for Nb;,,p (BSC 2004 [DIRS 169996]), 2r,,T, and L•,,:
I

+41P

=

As with the drip shield, the term (

1+ tanc,

+~
2

(Eq. 6.3.3.2-2)

w

which is uncertain itself, can be factored in with

fA, to simplify the model, resulting
F4

=

min[F(NbwPeI"P
F2 ]
)I
4
L+ taa Jfit

(Eq. 6.3.3.2-3)

where
tan ca'f
f•,p=1+"Tf.,

(Eq. 6.3.3.2-4)

is assigned a uniform distribution. In Section 6.5.1.1.3, an upper bound on fl' is developed
based on results of the breached drip shield experiments. The range for fJ,, based entirely on
experimental results is used in TSPA-LA.
Finally, the flux that is diverted around the waste package, F,, is calculated using continuity of
the quasi-static flow around and into the waste package:
F5 = F 2 - F4

6.3.3.3

(Eq. 6.3.3.2-5)

Condensation on the Drip Shield

Condensation of water on the underside of the drip shield is discussed in Engineered Barrier
System Features, Events, and Processes (BSC 2005 [DIRS 173781], Section 6.2.43, FEP
Number 2.1.08.14.OA). A review of the temperature profiles calculated using the results
described in In-Drift Natural Convection and CondensationModel (BSC 2004 [DIRS 164327],

ANL-WIS-PA-000001 REV 02

6-25

August 2005

EBS Radionuclide Transport Abstraction

Section 6.3) indicates that the radial temperatures of the drip shield are highest at the crown of
this component and slightly cooler on the sides. This temperature profile would support
condensation of any water vapor convected upward from the invert along the sides of the drip
shield. The condensate will be a weak carbonic acid solution (pH approximately 5) (BSC 2005
[DIRS 173727]), with condensation occurring when the drip shield temperatures drop below
about 96°C. These conditions do not initiate corrosion of the waste package's Alloy 22 outer
corrosion barrier (BSC 2004 [DIRS 169984]). Therefore, the presence of any condensate on the
underside of the drip shield does not impact the barrier capability of the drip shield.
Condensate waters present on the underside of the drip shield have a small potential to drip onto
exposed waste packages. Analysis of advective flux through stress corrosion cracks (BSC 2004
[DIRS 172203], Section 6.3.7), an analogous situation that similarly accounts for water on the
underside of the drip shield, excludes this process on the basis of low consequence (BSC 2004
[DIRS 173978], Section 6.2.5, FEP 2.1.03.02.0B; BSC 2005 [DIRS 173781], Section 6.2.64,
FEP 2.1.03.10.0B).
6.3.3.4

Flux into and through the Invert (F6 and F7 )

The flux leaving the waste package is equal to the flux entering the waste package, F4 , by the
quasi-steady-state flow assumption (the net effect of Assumptions 5.1 through 5.4 and 5.7). The
total flux entering the invert from above is equal to the sum of the diversion around the waste
package, F5 , the flux leaving the waste package (equal to F4 ), and the diversion around the drip
shield, F3 . The liquid flux leaving the invert, F8 , is equal to the total flux entering the invert
from above plus the imbibition flux from the UZ matrix into the invert. That is,
F6

= F5 + F4 + F3,

(Eq. 6.3.3.4-1)

F8 = F6 + F7 .

(Eq. 6.3.3.4-2)

and

Only the flux leaving the waste package, F4, can transport radionuclides to the invert.
Mlttiscale Thermohydrologic Model (BSC 2005 [DIRS 173944]) determines the imbibition flux
from the UZ host rock matrix into the invert, F7, as well as the water saturation in the invert.
The imbibition flux from the UZ matrix into the invert exits the invert back into the UZ matrix.
The advective flux that flows into the invert from above, F6 , exits the invert into the
UZ fractures.
6.3.4

Transport through the EBS

The conceptual model for transport through the EBS consists of transport through three separate
domains: (1) waste form, (2) waste package corrosion products, and (3) the invert. Transport
through each of these domains occurs by advection and diffusion. Radionuclides travel in
sequence through each of these domains. In other words, all radionuclides entering the corrosion
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products domain come from the waste form domain, and all radionuclides exiting the corrosion
products domain enter the invert domain. Advection in each domain is modeled as steady state
flow; i.e., the flow rate may vary over time, but no accumulation occurs. Diffusion through each
domain is considered to be transient.
The rate of diffusive transport through each domain is dependent upon the following parameters:
the effective diffusion coefficient, the cross-sectional area available for diffusive transport, and
the diffusion path length across which a concentration gradient exists. The effective diffusion
coefficient for assumed transport through thin water films adsorbed to materials is taken as a
bounding value to be the free-water diffusion coefficient, modified to account for porosity,
saturation, and, in the case of the invert, temperature, and the uncertainty associated with the
dependence on these parameters. The cross-sectional area for transport in each domain is
dependent upon the geometry of the domain, the relative humidity, and the specific surface area
and adsorption isotherm for the given material. A range of diffusion path lengths is determined
from the geometry of the domain.
The waste form is the source of all radionuclides in the repository system. If sufficient water is
available, radionuclides mobilized from the waste form can be transported out of the waste
package, downward through the invert, and into the UZ, as shown in Figure 6.3-1. Transport out
of the waste package can occur by advection, when there is a liquid flux through the waste
package, and by diffusion through assumed continuous liquid pathways in the waste package,
including thin films of adsorbed water. These two transport processes (diffusion and advection)
are each a function of the type of penetrations through the drip shield and waste package and the
local seepage conditions. Diffusion can occur through stress corrosion cracks or through general
corrosion patches in the waste package both with and without liquid flux through the waste
package. Advection is not considered through stress-corrosion cracks or through corrosion
patches in the absence of seepage flux.
The diffusion coefficient for radionuclide transport is based on the self-diffusion coefficient of
liquid water at 25'C. This is a bounding value for all radionuclides at 250 C. The effects of
temperature on this bounding value are accounted for in the invert domain using the formulation
in Section 6.3.4.1.2; for other domains, temperature effects are not accounted for, as discussed in
Section 6.3.4.3.5. The effects of porosity, liquid saturation, and uncertainty on the invert
diffusion coefficient are incorporated using the formulation in Section 6.3.4.1.1. For the waste
form and corrosion product domains, the effects of porosity and water saturation on the diffusion
coefficient are accounted for using the formulation in Section 6.3.4.3.5.
Advective transport is straightforward in the EBS RT Abstraction. In particular, mobilized
radionuclides are transported with the local liquid flux from the waste package (F 4 ) through the
invert (F6) to the unsaturated zone fractures (F 8 ). There are no modifications for dispersive
effects (see Section 6.3.1.2); because the flow is modeled as one-dimensional vertically
downward, lateral dispersion is not considered in the EBSRTAbstraction.
Diffusive transport depends on concentration gradients. The concentrations of radionuclides in
the waste form domain are determined from the degree of waste form degradation and the
solubility limit for each radionuclide. The concentrations in the waste package corrosion
products domain take into account radionuclide solubility limits, sorption of radionuclides onto
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the corrosion products, sorption and desorption onto colloids, and colloid stability. The
concentrations in the invert domain depend on the radionuclide solubility limits, colloid stability
in the invert, the transfer of radionuclides between the corrosion products domain and the invert,
and the boundary concentrations at the invert-unsaturated zone interface. The boundary
condition at the unsaturated zone interface is implemented by defining multiple grid cells in the
unsaturated zone that provide a diffusive path length that is sufficiently long such that the
concentration at the outlet of the farthest cell from the drift wall can realistically be assigned a
value of zero (Section 6.5.3.6).
The emphasis in this EBS RTAbstraction is on transport of radionuclides through the EBS after
the radionuclides are mobilized. This abstraction does not define related elements of the
TSPA-LA, such as corrosion processes, radionuclide solubility limits, waste form dissolution
rates and concentrations of colloidal particles, that are generally represented as boundary
conditions or input parameters for the EBS RT Abstraction. This abstraction provides the
algorithms for determining radionuclide transport in the EBS using the flow and radionuclide
concentrations determined by other elements of the TSPA-LA.
6.3.4.1

Invert Diffusion Submodel

The TSPA-LA model requires an abstraction for the effective diffusion coefficient in granular
materials as a function of radionuclide, porosity, saturation, temperature, and concentration.
This submodel is intended specifically to apply to the invert. The abstraction is as follows:
2
" Use the free water diffusion coefficient for self-diffusion of water, 2.299 x 10-5 cm s(Mills 1973 [DIRS 133392], Table III), as a bounding value for all radionuclides
at 25'C.
" Modify the free water diffusion coefficient for the porosity and liquid saturation of the
invert. The modification for porosity and saturation is based on Archie's law and
experimental data for granular media, and is presented in Section 6.3.4.1.1.
" Further modify the diffusion coefficient for variation of the invert temperature using the
formulation in Section 6.3.4.1.2. The invert temperature is provided by the Multiscale
Thermohydrologic Model (BSC 2005 [DIRS 173944]).
" Ignore the increase in the diffusion coefficient with increasing ionic strength of
concentrated solutions (see Section 6.3.4.1.3). The maximum modification for a highly
concentrated solution of potassium iodide is a factor of 1.27. This factor is almost
within the bounding approximation inherent in using the self-diffusion coefficient for all
radionuclides. It is neglected for the TSPA-LA.
6.3.4.1.1

Modification of Diffusion Coefficient for Porosity and Saturation of the Invert

The modified diffusion coefficient for a partly saturated porous medium can be estimated from
Archie's law and the relationship between electrical conductance and diffusivity in a liquid. This
relationship enables diffusion coefficients to be obtained from experimental measurements of the
electrical conductivity of samples of the porous medium. From these measurements, an
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empirical function is developed that relates the diffusion coefficient to the porosity and
saturation of the porous medium.
Archie's law is an empirical function relating the electrical resistivity and porosity of a porous
medium (Archie 1942 [DIRS 154430], p. 57; Keller and Frischknecht 1966 [DIRS 111470],
p. 21):
P, = apq-',

(Eq. 6.3.4.1.1-1)

where p, is the bulk resistivity (or specific resistance) of the fully water-saturated porous
medium (K2 m), p' is the resistivity of liquid water (Q in), 0 is the porosity (in3 pore volume
m-3 total volume), m is a cementation factor (dimensionless), and a is an empirical parameter
(dimensionless) that, to a first approximation, may be assumed to have a value of 1 (Keller and
Frischknecht 1966 [DIRS 111470], p. 21).
For a partially saturated porous medium, the resistivity is given by (Bear 1988 [DIRS 101379],
p. 116; Keller and Frischknecht 1966 [DIRS 111470], p. 28; Pirson 1963 [DIRS 111477], p. 24):
p, = pS•,"

(Eq. 6.3.4.1.1-2)

where p, is the bulk resistivity (or specific resistance) of the partially saturated porous medium
(92 m), S,,, is the water saturation (mi3 water n- 3 pore volume), and n is a saturation exponent
(dimensionless).
The cementation factor m "is somewhat larger than 2 for cemented and well-sorted granular
rocks and somewhat less than 2 for poorly sorted and poorly cemented granular rocks"
(Keller and Frischknecht 1966 [DIRS 111470], p. 21). For unconsolidated sand, a value of 1.3
has been reported for the cementation factor (Bear 1988 [DIRS 101379], p. 116; Pirson 1963
[DIRS 111477], p. 24). The invert, being composed of well-graded crushed tuff (BSC 2004
[DIRS 170559]), should have cementation characteristics similar to unconsolidated sand and
poorly cemented granular rock, with a cementation factor of 1.3 or slightly higher, but
less than 2.
For unconsolidated sand, a value of 2 is accepted for the saturation exponent n (Bear 1988
[DIRS 101379], p. 116; Keller and Frischknecht 1966 [DIRS 111470], p. 28; Pirson 1963
[DIRS 111477], p. 24).
Combining and simplifying Equations 6.3.4.1.1-1 and 6.3.4.1.1-2 results in an Archie's law
formulation that gives the bulk resistivity of a partially saturated porous medium:
p, = pVO-S,-V".

(Eq. 6.3.4.1.1-3)

The resistance, R, (Q), of a porous medium of length L and cross-sectional area A is given by:
R, =p,L/A.

ANL-WIS-PA-000001 REV 02

6-29

(Eq. 6.3.4.1.1-4)

August 2005

EBS Radionuclide Transport Abstraction

Since the electrical conductance, G (S = Q-1), is defined as the reciprocal of resistance
(Atkins 1990 [DIRS 111464], p. 750), Archie's law can be written for a partially saturated
porous medium in terms of the conductance of the bulk porous medium, G, (S) and the
conductance of water, G,,, (S):
G, = G,,'-S,.

(Eq. 6.3.4.1.1-5)

The last step is to rewrite Archie's law in terms of diffusion coefficients. The diffusion
coefficient of an ion in solution is related to the conductivity through the Nernst-Haskell
equation (Perry and Chilton 1973 [DIRS 104946], p. 3-235) for diffusion in a binary electrolyte
mixture at infinite dilution:
D =R

Z,

. Ao

J+"

(Eq. 6.3.4.1.1-6)

where:
diffusion coefficient (m2 s-1)
molar gas constant = 8.314472 J mol-F K-1 (Lide 2002 [DIRS 160832], p. 1-8)
temperature (K)
Faraday constant = 96485.3415 C mol-r (Lide 2002 [DIRS 160832], p. 1-7)

D
R
T
F

=
=
=
=

1',1

= cationic and anionic molar conductivity, respectively, at infinite dilution
(S M2 mol-')

A0

= equivalent electrolyte molar conductivity at infinite dilution (S M 2 mol-')

z+, z = valence of cation
(dimensionless).

and anion,

respectively;

magnitude

only-no sign

This equation can be simplified by making use of the average ionic molar conductivity at infinite
dilution, 1, where
-
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Since the ionic molar conductivities 10 and 1_ are non-negative numbers, P > (1l.XI_), which
can be seen as follows:

(1?+1°0 2

2(10o
XI') +(If)Y

(10o)2

4
-

Qo1)2

o1-+ QoXIo)
4

-

2

(ko)2
+(•o)? +o•,toX0o,•o)
4

2
2
P0) +o +
2

(i°)2+(°)2

4

(ko,

(Eq. 6.3.4.1.1-8)

2

X,
0) oX
='(,o,1+
Thus, the square of the average ionic molar conductivity can be substituted for the product of the
individual conductivity. This substitution will generally overestimate the diffusion coefficient
given by Equation 6.3.4.1.1-6. At the same time, the valence of the ions z+ and z- are given a
value one, because this, too, maximizes the diffusion coefficient. With these substitutions,
Equation 6.3.4.1.1-5 simplifies to give the maximum diffusivity in a binary electrolyte mixture at
infinite dilution:
D

- (1
RT

RTi

-)2

(Eq. 6.3.4.1.1-9)

2

F

RTA,
2
2F
This shows that the diffusion coefficient for ions in an infinitely dilute binary mixture is
proportional to the molar conductivity and therefore to the conductance of the electrolyte. For
multicomponent solutions at other than infinite dilution, this equation represents an
approximation with an associated uncertainty that can be estimated by comparison with
experimental data, which is discussed later.
The relationship between diffusion coefficient and the measured conductivity of samples is
dependent on the experimental method and apparatus used to obtain the conductivity of the
porous medium. Conductivity is determined by measuring the electrical resistance of a sample
in a conductivity cell. The cell is calibrated using a solution of known conductivity, and a cell
constant. With no interfering porous medium, the conductance of water, G,1 , is directly
proportional to the equivalent electrolyte molar conductivity at infinite dilution (A 0 ), which in
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turn, from Equation 6.3.4.1.1-9, is proportional to Do. Due to the interference of the solid, the
conductance of the bulk porous medium, G, is more complicated and is proportional to the
porosity, saturation, the diffusivity of the ion and the tortuosity, as explained in the following
discussion of diffusion coefficient measurements.
Conca and Wright (1992 [DIRS 100436]) and Conca et al. (1993 [DIRS 170709]) measured the
diffusion coefficient of unsaturated soil, gravel, bentonite, rock, and crushed tuff from Yucca
Mountain over a broad range of water contents by measuring the electrical conductivity of
samples. These measured data are qualified in Appendix H and have been used to analyze the
dependence of the diffusion coefficient on volumetric moisture content for a variety of granular
materials. Figure 6.3-4 presents a summary of the diffusivity data for various granular media at
volumetric moisture contents ranging between 1.5 percent and 66.3 percent.
The measurements of Conca and Wright are based on the Nernst-Einstein relationship:
RT cj,t

F2 Zi)

(Eq. 6.3.4.1.1-10)
i

where Di is the diffusion coefficient of the ith ion in a dilute aqueous solution (m2 s-1), F is the
Faraday constant (C mol-F), R is the universal gas constant (J mol-I K71), T is the absolute
temperature (K), ic,, is the electrical conductivity (S m-') of the solution, t, is the transport
number for the tih ion (which is the portion of the total electrical current carried by the ith ion), z,
is the charge valence of the th ion, and c, is the concentration of radionuclide species i
(mol m-f). Equation (2) in Conca and Wright (1992 [DIRS 100436]) shows that Di can be
determined from the measured conductance (an extensive quantity dependent on the physical
dimensions or mass of the sample equal to the reciprocal of resistance) of the soil or rock sample.
In fact, what Conca and Wright measured and what the left-hand side of the equation should be
is 0 SwDi, the effective or bulk diffusion coefficient in the porous medium.
There is much literature on how to measure the conductivity and/or salinity of soil water from
bulk measurements of the sample conductance. For example, Rhoades and Oster (1986
[DIRS 173846]), Rhoades et al. (1976 [DIRS 173835]), and Shainberg et al. (1980
[DIRS 173836]) present a two parameter model for representing the bulk soil or rock
conductivity, Ka,,(S m-1), in terms of the interstitial solution conductivity, K',,, and the surface
conductivity (conductivity of the double layer), Ki. The quantity Ka is the experimentally
measured quantity, which is equal to the actual conductance measurement of the impedance
bridge or electrode array, multiplied by the cell constant, which is the geometric factor that
converts the extensive quantity, conductance, to the intensive quantity, conductivity. Conca and
Wright incorrectly substitute Kc directly into the Nernst-Einstein equation (Eq. 6.3.4.1.1-10).
What needs to be substituted into the Nernst-Einstein equation is t-, which can be determined
from K, with the linear, two-resistor model of Rhoades et al. (1976 [DIRS 173835]) and
Rhoades and Oster (1986 [DIRS 173846]):
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K',, = h-',,¢S T" + K.,

(Eq. 6.3.4. 1.1 -11)

where 0 S,, is the water content; T* is the transmission coefficient, which incorporates tortuosity
effects and varies as a function of water content. The transmission coefficient is related to
formation factor, FR (dimensionless), at high solution concentrations, through the relationship
FR = (OAs,T)' (Shainberg et al. 1980 [DIRS 173836]). The quantity K, is the conductivity of
the surface or solid (i.e., the double layer). Rhoades et al. (1976 [DIRS 173835]) have correctly
shown in their Equation l Ithe relationship between the measured K,, and Kc", (= I/Rb in their
equation), if the conductivity of the surface or solid, Kc,, is ignored. In particular, consider the
case where the K', electrical pathway is effectively an insulator (i.e., does not contribute to the
overall bulk sample conductance). Then the above equation reduces to:
Ka

==
Kcw,,TSZ*,

(Eq. 6.3.4.1.1-12)

which can be solved for K,,, as K,,=K,,/wS,,,T* and then substituted back into the
Nemst-Einstein equation:
=

RT2 Kc0 t,
F q'ST zici

(Eq. 6.3.4.1.1-13)

The above equation solves for the ionic diffusion coefficient in terms of the measured
conductivity, K', of the rock sample. Replacing this conductivity with the corresponding
extensive quantity, the conductance G, as designated by Conca and Wright, and the geometric
factor or cell constant, E (m-1), gives the following:
RT GO t,
D F 2 AS,,wT* zici

(Eq. 6.3.4.1.1-14)

However, as is clear from the equation on p. A-8 in Wright's report (CRWMS M&O 2000
[DIRS 156680]) and the associated Table A-I, this was not what was done by these researchers,
and the factor qS,,T" was left out of this equation by Wright. In fact, Wright tabulated
the quantity:
RT GE~t,
FT G t•,

(Eq. 6.3.4.1.1-15)

in Table A-I, which implies that they actually solved for DOSwT*, the bulk diffusivity, not the
ionic diffusivity, which can be seen by multiplying both sides of Equation 6.3.4.1.1-14 by
OS',T'. Thus, the tabulated diffusion coefficients of Conca and Wright (1990 [DIRS 100436]
and 1992 [DIRS 100436]) must be used as the quantity q'wSD, in the mass conservation equation
(Equation 6.5.1.2-I1), i.e., the Conca and Wright reported diffusion coefficients are in fact the
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bulk diffusivity in the mass conservation equation. Since the free water diffusivity is used as a
bounding value for all radionuclides, the diffusion coefficient is not dependent on the species i.
For the invert, the diffusion coefficient is denoted by D,, where the subscript I refers to the
invert, rather than to species i.
Archie's law (Equation 6.3.4.1.1-5) can then be written in terms of the effective diffusivity of the
bulk porous medium and the free water diffusivity:
OSD, = Doq"S",.

(Eq. 6.3.4.1.1-16)

This is the form of Archie's law that is generally applied for determination of the effective
diffusion coefficient, D1 , as a function of porosity and saturation in a partly saturated, granular
medium. Note that the diffusion coefficient, D,, as introduced here and used throughout this
section, is an effective value that implicitly includes the effects of tortuosity. With values of the
cementation factor, m, of 1.3 and the saturation exponent, n, of 2 for unconsolidated sand,
Archie's law becomes as:
qWT,DJ =D 0Oi 1.S3.
(Eq. 6.3.4.1.1-17)
Because the diffusion coefficients were measured by Conca and Wright as a function of
volumetric water content, they have been analyzed using an alternative form of Archie's law in
which the cementation factor and saturation exponent are equal (i.e., n =m). The effective
diffusion coefficient is then a function of 0, the percent volumetric moisture content, defined
as 0 =100.Sw:
OS.D, =

WDo•"SS
0(

0D

n.

(Eq. 6.3.4.1.1-18)

A statistical analysis using Microsoft Excel (Appendix G) produces an excellent fit to the
diffusivity data (Conca and Wright 1992 [DIRS 100436], Figure 2; Conca et al. 1993
[DIRS 170709], Figure 2; listed in Table 4.1-17) using Equation 6.3.4.1.1-18 for moisture
content in the range of 1.5 percent to 66.3 percent. The statistical fit to the effective diffusion
coefficient, D,. is based on a linearizing transformation to the variables Xand Y, defined as:
Y = lOgl0 (•wnD, / Do)
Yo , I)(Eq.

6.3.4.1.1-19)

X=log1 0 ,-2,
where
2
DI = the effective invert diffusion coefficient (in s-I)
Do = free water diffusivity (M 2 s-1)
S=
porosity (M 3 void volume m- 3 bulk volume)
S, = water saturation (M 3 water volume m-3 void volume)
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0 = volumetric moisture content (percent).
The slope of the X-Y relationship is found to be 1.863, leading to the following linear equation
for Yas a function ofX:
Y = 1.863X
SoD, ' =1.863(log1 0 0-2),
log
0
1&r
Do

(Eq. 6.3.4.1.1-20)

or
=

D 0 t 863s. 863

C(E

(Eq.
q1.863

6.3.4.1.1-2 1)

The statistical fit for the effective invert diffusion coefficient has uncertainty, which is
represented by the scatter of data points around the fit in Figure 6.3-4. This uncertainty is
approximated by a normal distribution for the residuals (data-model) in log-log space. This
normal distribution of residuals has a mean value of 0.033 and a standard deviation of 0.218.
The uncertainty can be incorporated into the statistical fit as an additional factor on the full
statistical fit.

ASwDj

=

D001 Sj 10

".2

(Eq. 6.3.4.1.1-22)

where ND represents a normal distribution with a mean, /u, of 0.033 and a standard deviation,
o, of 0.218. ND is in the exponent because the residuals are calculated in the log-log space of
the statistical fit. This statistical fit is the submodel for the invert diffusion coefficient to be used
for TSPA-LA. Since the normal distribution is theoretically unbounded, unrealistic values for
the diffusion coefficient could potentially be obtained. To avoid this potential problem, the
implementation in TSPA-LA will use a truncated normal distribution, limited to plus or minus
three standard deviations from the mean.
Figure 6.3-4 presents the statistical fit (solid line) and the upper and lower bounds (dashed lines)
at three standard deviations above and below the fit. The dashed lines encompass almost all the
data points, because ± 3 standard deviations includes 99.7 percent of the area under a normal
distribution. Equation 6.3.4.1.1-22, therefore, accurately represents the uncertainty in the
diffusivity data for the TSPA-LA calculations.
Because the saturation exponent (1.863) is less than the generally accepted value (2), the fit to
the data provides less of a bounding estimate for the effective diffusion coefficient than if the
accepted value were used. However, the estimate using Equation 6.3.4.1.1-22 is realistic instead
of simply bounding the diffusion coefficient because it is developed from measured data rather
than using the general behavior of unconsolidated sand as its basis. Furthermore, being based on
a large number of measured data, the uncertainty in effective diffusion coefficient using
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Equation 6.3.4.1.1-22 is quantified, which provides additional support for use of this equation
instead of a more bounding approach using the accepted value for saturation exponent.
One element of the uncertainty in the diffusion coefficient is the uncertainty in the porosity of the
invert. The bulk porosity of the invert crushed tuff is expected to vary between 0.27 and 0.39,
with an average of 0.31 (BSC 2004 [DIRS 168138], Table 5). From Equation 6.3.4.1.1-22, the
diffusion coefficient would vary due to variations in porosity by a factor of:
(Ot/D,.,D)m.

= 0.8

(~f~w~min

0.39 J1.863

1.98.

1863

(Eq. 6.3.4.1.1-23)

The range about the mean diffusion coefficient, (qS,,,D), would be:
(AS.wD),,n
(0.27
(€S',D) =

'1.863

=0.31)

(Eq. 6.3.4.1.1-24)

to
1.863

(•6wD= (0.39)
.-

= 1.53.

(Eq. 6.3.4.1.1-25)

This range of uncertainty resulting from variation in the invert porosity is well within the range
of the uncertain factor in Equation 6.3.4.1.1-22, which ranges from:
100"033-3(0"218) -0.24

(Eq. 6.3.4.1.1-26)

100.033+3(0.218)

(Eq. 6.3.4.1.1-27)

to
-

4.86.

The uncertainty associated with the porosity of the invert is included in the uncertainty
associated with the measurements of the diffusion coefficient, which were made on a variety of
geologic materials having a range of porosities; thus the porosity uncertainty can be considered
to be accounted for in the effective diffusion coefficient. The same conclusion is reached if the
nominal value of intergranular porosity (0.45 as given in Tables 4.1-8, 6.6-2, and 8.2-3) is
substituted for the mean, with the same spread for the uncertainty range.

U
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Source: Conca And Wright 1992 [DIRS 100436], Figure 2; Conca et al. 1993 [DIRS 170709], Figure 2.
NOTE:
The dashed lines correspond to three standard deviations above and below the statistical fit to the datla.
Figure 6.3-4. Uncertainty in the Statistical Fit for the Effective Diffusion Coefficient

For each realization of the TSPA-LA calculations, the normal distribution is sampled, thereby
incorporating the uncertainty of the experimental data into the diffusivity.
6.3.4.1.2

Modification for Temperature

The diffusivity DT is proportional to absolute temperature and inversely proportional to
viscosity W ; i.e., DT oc T/rlq (Cussler 1997 [DIRS 111468], p. 114). It follows that if the
diffusivity is known at some temperature To, the diffusivity at temperature T can be found by:
T

O(Eq.

=
DT

6.3.4.1.2-1)

77

TO

where DT is the diffusion coefficient (mi2 s-1) at temperature T (K), DTO is the diffusion
coefficient (mi2 s') at temperature To (K), rWTis the viscosity of water (Pa s) at temperature T
(K), and ir, is the viscosity of water (Pa s) at temperature To. The dependence of viscosity on
*

temperature T(K) (293.15 K _< T< 373.15 K) is given by (Weast and Astle 1981 [DIRS 100833],
p. F-42):
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J(7o

l720 )

T-168.15
1.3272(293.15-T)-O.001053(T-293.15) 2

(Eq. 6.3.4.1.2-2)

where ; 2 , is the viscosity of water at 20'C (293.15 K). Then

I-.3272(293.15-T)-O.001053(T-293.15) 2 1
T-1 68.15

17T=

J

r

I.3272(293.15-T 0 )-O.001053(T 0-293.IS) 2
T,-168.15

77T,

1oL

(Eq. 6.3.4.1.2-3)

i

and the diffusion coefficient at temperature T is given by:
DT
DT =D
2

-DTo T

]J.3272(293.15-T)-O.001053(T-293.15)2

0
1I[.3272(293.15-T 0)-0.OOIO53(T -293.15)
1
T-168.15
T

(Eq. 6.3.4.1.2-4)

T-168.15J

0

This equation is not valid above 100'C (373.15 K), where it is assumed that no transport occurs
(Assumption 5.5). The invert temperature is provided by the Multiscale Thernmohydrologic
Model (BSC 2005 [DIRS 173944]). This temperature modification of the diffusion coefficient,
shown in Figure 6.3-5, is applied only to the invert, not to waste package corrosion products
(Section 6.3.4.3.5) or to the waste form.
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Figure 6.3-5. Temperature Dependence of the Invert Diffusion Coefficient (Equation 6.3.4.1.2-4)
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6.3.4.1.3

Modification for Concentrated Aqueous Solutions

Data in American Institute of Physics Handbook (Gray 1972 [DIRS 138541], Table 2p-2) show
that the majority of the diffusion coefficients increase with increasing solution strength. For
example, the diffusion coefficient of sodium iodide increases from 1.616 in a dilute solution
to 1.992 for a 3 M solution and the coefficient for potassium iodide increases from 2.00 in a
dilute solution to 2.533 at 3.5 M. The percent increase for potassium iodide, 26.7 percent, is the
greatest of any in Gray's Table 2p-2, (Gray 1972 [DIRS 138541]) excluding HCI. HCI has been
excluded from consideration because, being volatile, it is not representative of the type of
radionuclides released from the waste package.
Although the diffusion coefficients of aqueous solutions increase with increasing ionic strength,
the self-diffusion coefficient of water is still higher. Therefore, using the self-diffusion
coefficient for water is a bounding value for all radionuclides at a given temperature. The
modification for concentrated aqueous solutions is therefore neglected in the TSPA-LA.
6.3.4.2

Retardation in the Engineered Barrier System

In this section, parameters are developed to enable the impact of sorption processes on
radionuclide transport through the EBS to be quantified. Transport through the EBS is affected
by the adsorption and desorption of radionuclides on the materials in the waste package and
invert. Adsorption describes the uptake of a radionuclide by a solid surface when in contact with
a radionuclide-laden aqueous solution. This uptake typically occurs when a bond is formed by
surface sites that have a chemical affinity for the radionuclide. Progressive inflow of fluids with
low radionuclide concentrations would thermodynamically favor desorption of the original
population of sorbed radionuclides back into solution, a process referred to as reversible
sorption. Fully reversible sorption and desorption of radionuclides is often described by a linear
isotherm, using a sorption distribution coefficient (Kd).
Irreversible sorption refers to the tendency in natural systems for desorption to be incomplete. In
other words, the amount of sorbed contaminant available for desorption in natural systems is
typically less than the total sorbed mass due to chemical and physical processes occurring at or

beneath the mineral surface. Irreversible sorption is described by a reaction rate coupled with
some limit on the amount of sorption that is possible.
Sorption processes are referred to as adsorption if the process occurs on the surface or absorption
if the process occurs beneath the surface. Retardation in the EBS results from adsorption of
radionuclides on surfaces of corrosion product or tuff particles that comprise a porous bulk mass.
This section defines a conceptual model and parameters for transport through the degraded EBS,
including appropriate Kd values and a description of irreversible sorption of radionuclides. In
addition to adsorption of radionuclides, water is expected to adsorb on corrosion products inside
a breached, degraded waste package. This adsorbed water will provide a diffusive transport
pathway under conditions where no seepage occurs into the drift. This in-package diffusion
submodel is described in more detail in Section 6.3.4.3. Section 6.5.1.2 and Appendix B show
the mathematical incorporation of the Kd approach in the transport model.
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The TSPA-SR transport model for the EBS assumed no sorption or retardation of dissolved
species of radionuclides (CRWMS M&O 2000 [DIRS 153246], p. 3-134). This assumption was
bounding (i.e., underestimating retardation) for several reasons:
" A large mass of iron oxyhydroxides is generated through corrosion of mild steel and
stainless steels within the waste package and invert. The iron oxyhydroxides are known
to be excellent sorbers (as indicated by their high Kd values) of many radionuclide
species (see, for example, Table 6.6-5).
" Some sorbed radionuclides, such as plutonium, appear not to desorb in many geologic
environments (Brady et al. 1999 [DIRS 154421], Appendix F). In effect, the sorption
process appears partly irreversible, and a large percentage of sorbed radionuclides
appears to be permanently attached to the corrosion products in the EBS, although the
short-term data may provide misleading information about long-term irreversibility. The
net effect of irreversible sorption on EBS transport will depend on two competing
effects: (1) irreversible sorption on the in-drift materials will decrease releases from the
EBS, and (2) irreversible sorption to stable colloidal particles will increase transport
through the EBS.
The National Research Council 2000 [DIRS 174394] states that irreversible sorption
models should not be applied to quantitative models of environmental contamination.
With regard to the report on contaminant attenuation of Brady et al. 1999
[DIRS 154421], the National Research Council (2000 [DIRS 174394], p. 224) states:
"irreversible sorption.. .is not understood for either organic or inorganic contaminants;
much more scientific research is needed before this process can be quantified." In
addition, the National Research Council (2000 [DIRS 174394], Table ES-1, p. 9) judged
the likelihood of success of long-term Pu immobilization as low, at the current level of
knowledge. The National Research Council (2000 [DIRS 174394], p. 13) refers to
Brady et al. (1999 [DIRS 154421]) as follows: "Furthermore, although the DOE
document [Brady et al. 1999] proposes a method for assessing natural attenuation
processes for inorganic contaminants, such processes are extremely complex, and the
DOE document does not adequately reflect this complexity. The DOE document has to
be peer reviewed and substantially revised before it is used as a decision-making tool."
As described in Section 6.3.4.2.3.2, however, field and laboratory measurements
indicate that the fraction of sorbed plutonium that is available for desorption rarely
exceeds one percent (Brady et al. 1999 [DIRS 154421], Appendix F, pp. 141 to 142;
Davis and Kent 1990 [DIRS 143280]). Models for watershed transport (Graf 1994
[DIRS 154419]) focus solely on particulate transport; desorption is ignored because
aqueous plutonium is rarely seen. At the Rocky Flats site in Colorado, Litaor and
Ibrahim (1996 [DIRS 161667]) measured plutonium in Rocky Flats soil to be 0.04 to
0.08 percent exchangeable. Transport of colloidal plutonium over hundreds of meters
was observed at the Nevada Test Site (Kersting et al. 1999 [DIRS 103282]); although
these data indicate sequestration or irreversible sorption of Pu, the presence of organics
limits the relevance of these data to Yucca Mountain. Laboratory experiments of
plutonium sorption onto iron oxide colloids have shown that one percent or less of the
initially sorbed plutonium can be desorbed into solution after months of time have
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elapsed (Lu et al. 2000 [DIRS 166315]; BSC 2004 [DIRS 170025], Section 6.3.3.2).
The detailed desorption data (observations out to five months) are reported in Lu et al.
1998 (DIRS 100946]. Overall, the data show that plutonium binds strongly to iron oxide
substrates and is persistently (although not necessarily irreversibly) stabilized, at least
over the time frames of observations (up to about 60 years). For purposes of modeling,
therefore, a large fraction of plutonium sorbed to iron oxides can be considered
irreversibly attached.
Copper is present along the top of the invert as an electrical conductor. Two corrosion
products produced by the alteration of elemental copper (copper oxide and copper
sulfide) can strongly sorb iodine and technetium species (Balsley et al. 1998
[DIRS 154439], Tables I and 2), an important feature for decreasing releases of two
elements that generally have minimal sorption in oxidizing environments.
6.3.4.2.1

Conceptual Model for the In-Drift Sorption Environment

In this section, the conceptual model of the in-drift environment as it affects sorption is
described. Although sorption can also take place on crushed tuff, the focus in this section is on
corrosion products (metal oxides), because these materials have the greatest potential for
sorption in the EBS.
The mild steel and stainless steel in the waste package and invert are expected to degrade to iron
oxyhydroxides more rapidly than the corrosion-resistant materials in the EBS (e.g., Alloy 22 and
titanium). The time sequence for corrosion of iron-based components in the EBS is:
" Mild steel in the invert (e.g., support beams, cap plate, and gantry rails) will begin to
degrade after closure of the repository because the invert is directly exposed to the
relative humidity and temperature environment within the drifts. Corrosion begins when
the relative humidity becomes great enough to produce aqueous conditions on the metal
surface, although the presence of deliquescent salts can result in aqueous conditions at
lower humidity (if the in-drift humidity is higher than the minimum deliquescent point
of the salts; Campbell and Smith 1951 [DIRS 163817], p. 237).
The steel and copper are in the top portion of the invert. More specifically, the
longitudinal and transverse support beams are in the top half of the invert
(BSC 2004 [DIRS 169776], Section A). The transverse support beams are spaced
at 1.524-m intervals (BSC 2004 [DIRS 169503]), so the corrosion products from the
beam will not always be directly beneath the emplacement pallet or stress corrosion
cracks. Below and on either side of these beams, the invert is filled to depth with a
granular ballast that does not contain any steel.
" Stainless steel tubes in the emplacement pallet will corrode more slowly than
mild steel (for mild carbon steel and stainless steel corrosion rates see
DTN: MO0409SPAACRWP.000 [DIRS 172059]). Again, the tubes are directly
exposed to the in-drift temperature and relative humidity after closure. The tubes in the
emplacement pallet are located directly beneath the waste package, close to, if not
directly in, the anticipated flow path from the waste package.
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* Mild steel (i.e., carbon steel Type A 516) inside the waste package can begin to degrade
after the waste package is breached by stress corrosion cracks, localized corrosion, or
general corrosion. Water vapor can enter the waste package once it is breached, and
this vapor will be adsorbed on the steel surfaces, providing an environment for corrosion
within the waste package.

Y)

" Stainless steel inside the waste package can also corrode, albeit more slowly than mild
steel, after the waste package is breached.
Aluminum thermal shunts in 21-PWR and 44-BWR waste packages comprise less than
two percent of the total mass of the waste package. Because the amount of aluminum is small, it
is ignored in the EBS RT Abstraction. The Ni-Gd Alloy absorber plates in the CSNF waste
package design are modeled as being composed of Neutronit, as in the previous waste package
design; Neutronit is treated as having the same corrosion rate as stainless steel, resulting in
corrosion products containing Fe 20 3 in proportion to its iron content (see Section 6.3.4.2.3).
Because the corrosion rate of the carbon steel used for invert components is greater than that of
the Alloy 22 waste package outer corrosion barrier, all mild steel components in the invert will
degrade to iron oxyhydroxides by the time the waste package is breached by general corrosion.
In other words, iron oxyhydroxides will be present in the invert before any radionuclides are
transported from the waste package. After the waste package outer corrosion barrier is breached,
the stainless steel inner vessel is expected to breach quickly due to localized corrosion, and the
mild steel internal components in the waste package will degrade rapidly, adding iron
oxyhydroxides to the in-package environment. The inner vessel will degrade to corrosion
products by 205,000 years, based on a thickness of the inner vessel of stainless steel of 50.8 mm
(BSC 2004 [DIRS 169472]; BSC 2004 [DIRS 166953], Section B-B) and a mean corrosion rate
of 0.248 prm yr' (DTN: MO0409SPAACRWP.000 [DIRS 172059]).
The degradation products in the waste package will include hydrous metal oxides from corrosion
of steel and aluminum materials (YMP 1998 [DIRS 104441], p. C-23; BSC 2005
[DIRS 174583]) and clays from degradation of HLW glass (BSC 2004 [DIRS 169988],
Section 6.5.3.3). Because they comprise the great majority of the corrosion products, and
because of their strong sorptive characteristics, the iron oxyhydroxides will dominate the
sorptive properties of the corrosion products, although the aluminum oxides and manganese
oxides are also highly sorptive, depending on pH and the zero point of charge.
The degradation products in the invert will include iron oxyhydroxides and other hydrous metal
oxides from the corrosion of steels and copper-based materials, and minerals from the granular
invert backfill. The invert corrosion products occur in the top portion of the invert because all
steel and copper is located in the top half of the invert (BSC 2001 [DIRS 154441]).
The in-package degradation products are envisioned to be composed of unconsolidated
particulates and larger agglomerations of clays, iron oxyhydroxides, and other mineral
assemblages that slump to the bottom of the waste package. Any seepage through the waste
package is expected to flow through the sludge at the bottom of the waste package. The invert
degradation products are initially located near the top of the invert, but may move into the mass
of granular invert backfill during thermal changes or seismic events.
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The sludge of corrosion products in the waste package is represented as a single porosity
medium, a reasonable approach given the granularity of the corrosion products and the
randomness of the slumping process. Channelized flow paths with no sorption, as in the discrete
fractures of a dual porosity medium, are not anticipated to occur in this unconsolidated sludge.
One conceptual model is for the radionuclides to have access to the mass of corrosion products in
the waste package. An alternative conceptual model, with corrosion products that form a
contiguous mass that has a low permeability and tight pore structure, would limit access to the
full sorptive capacity of the corrosion products.
The bulk of the mass of materials in a CSNF waste package, excluding the SNF and the outer
corrosion barrier, consists of various types of steel. The iron content of these steels
(Table 4.1-14) ranges from 61.935 weight percent (Type 316, used in the inner vessel;
DTN: M00003RIB00076.000 [DIRS 153044]) to 98.37 weight percent (A 516 carbon steel,
used in the basket components; DTN: M00107TC240032.000 [DIRS 169970]). It is thus
reasonable to treat all corrosion products as iron oxide.
In the EBS RT Abstraction, the products of the corrosion of all internal waste package
components except for fuel rods and spent nuclear fuel (SNF) are modeled as a mixed
assemblage of iron oxides, specifically Fe 20 3 (hematite), FeOOH (goethite), and ferrihydrite
(HFO). Establishing the mineralogical type of iron oxide corrosion products enables the amount
of water adsorbed onto surfaces to be estimated. In addition, specifying the mineralogical
composition of the corrosion products allows the surface charge (or site) density for adsorption
of certain radionuclides that undergo irreversible adsorption to be determined, which provides a
basis for calculating the mass of radionuclides that are irreversibly sorbed.
Geochemical analyses of the basket degradation process (YMP 1998 [DIRS 104441], p. C-23)
have demonstrated that the iron oxide produced from corrosion of carbon steel and borated
stainless steels will remain in the waste package as insoluble hematite. A more recent analysis
(BSC 2005 [DIRS 174583], p. 6-21) states:
Although the formation of large masses of ferric (hydr)oxide corrosion products is
inevitable, it is difficult to predict which one will dominate the mineralogy of the
whole. Goethite and hematite are expected to eventually be the most abundant
iron oxides in corrosion products (Schwertmann and Cornell 1991
[DIRS 144629], Section 4.2.2). Poorly crystalline solids such as ferrihydrite
(FesHOs'4H 20) and Fe(OH) 3 that form during rapid oxidation of Fe(II) and
hydrolysis of Fe(III), will probably be present throughout the period of steel
degradation in the waste package (Schwertmann and Cornell 1991
[DIRS 144629], Sections 1.3 and 8.1). These poorly crystalline iron oxides are
unstable with respect to hematite and goethite, but their transformation is
significantly inhibited or retarded by their adsorption or structural substitution, or
both, of silicate, phosphate, and Cr(III), which are common components of the
waste package solution. To summarize, the corrosion product assemblage is
likely to be made up of some mixture of hematite, goethite, and ferrihydrite.
For consistency with In-Package Chemistry Abstraction (BSC 2005 [DIRS 174583]), the EBS
RT Abstraction uses hematite properties for determining the degree of water adsorption and
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water saturation in corrosion products, while goethite and HFO properties are used for modeling
corrosion product surface chemistry (specifically, irreversible sorption). Because the water
vapor adsorption isotherms (expressed as water layer thickness) for HFO and goethite are similar
to that of hematite (Section 6.3.4.3.1), the hematite isotherm (Jurinak 1964 [DIRS 154381],
p. 486) is representative of the mixed iron oxide assemblage and is used to compute the water
content in the corrosion products. The specific surface areas of HFO and goethite are generally
greater than that of hematite (Langmuir 1997 [DIRS 100051], Table 10.2), meaning that the
water content and the potential for radionuclide diffusion is greater at any given relative
humidity for ferrihydrite and goethite than for hematite. However, the diffusion rate is
dependent on the dissolved concentration of radionuclides in the corrosion products. The mass
of radionuclides in solution is given by the waste form degradation rate. Because the water
content or volume will tend to be less using hematite specific surface area rather than those of
goethite or HFO, the given mass of radionuclides will result in the radionuclide concentration
being higher for hematite corrosion products. Consequently, releases will be overestimated by
using hematite properties for water adsorption calculations.
6.3.4.2.2

Sorption Parameters for the Invert

In the invert, radionuclide sorption can potentially take place on the crushed tuff ballast material
and on products of corrosion of the metallic components such as steel support beams and copper
conductor bars. In the EBS RTAbstraction, sorption onto the crushed tuff is included so as to be
consistent with the model for sorption onto tuff in UZ transport (BSC 2004 [DIRS 164500],
Section 6.1.2.3). As a bounding approach, sorption of radionuclides on corrosion products in the
invert is ignored (Assumption 5.6).
6.3.4.2.2.1

Sorption onto Crushed Tuff in the Invert

Sorption onto the crushed tuff is included in the EBS transport abstraction. Kd values and
distributions for nine selected radionuclides are presented in Table 4.1-15
(DTN: LA0408AM831341.001 [DIRS 171584]); Kd values for sorption of carbon, iodine and
technetium on tuff are zero. The ranges of Kd values for sorption onto devitrified tuff are used
because the crushed tuff in the invert will be the same tuff that is removed when the drifts are
bored; most of the repository will be developed in the TSw33 through TSw36 stratigraphic units,
which are composed of devitrified tuff. The Kd values selected are summarized in Table 6.5-6.
Correlations of Kd values among various radionuclides for sorption on tuff are given by a
correlation matrix presented in Table 4.1-16. Invert Kd values are implemented in TSPA-LA by
first computing unsaturated zone Kd values for devitrified tuff and then assigning those values to
the invert.
6.3.4.2.2.2

Sorption onto Corrosion Products in the Invert

Invert corrosion products will tend to be localized and widely spaced, with the possibility being
that seepage from the waste package could completely miss corrosion products in the invert. In
this case, even small Kd values could overestimate the amount of retardation of radionuclides in
the invert. Furthermore, invert corrosion products will have a smaller sorptive capacity than
waste package corrosion products simply because the masses of sorptive corrosion products in
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the invert are much less than in the waste packages. Therefore, as a bounding approach, sorption
of radionuclides on corrosion products in the invert is ignored (Assumption 5.6).
To compare with the mass of sorbing material in the waste packages, the mass of sorbing
material in the invert is estimated below using the data from Repository Subsurface
Emplacement Drifts Steel Invert Structure Sect. & Committed Materials (BSC 2004
[DIRS 169776], Committed Materials table). The iron content of the steel invert support beams,
stiffeners, base plates, gantry runway beams, runway beam cap plates, stub columns and top
plates, miscellaneous stiffener plates, and the gantry rails is included in this calculation. The iron
in the steel set ground support, the rock bolts, and the welded wire fabric steel has been ignored,
even though the corrosion products from these components may fall on the invert.
As in Table 6.3-4 (Section 6.3.4.2.3.1), the mass of corrosion products is estimated by assuming
that iron converts to Fe2O3 during the corrosion process. The mass of A 588 carbon steel per
unit length of drift in the invert is 893 kg m-l (BSC 2004 [DIRS 169776], Committed Materials
table), having an iron content of 859 kg m-1 (using an iron content of 96.16 percent for the
composition of A 588 steel; ASTM A 588/A 588M-01 [DIRS 162724], Table 1). The mass of
A 759 steel in the gantry rails is 134 kg m-' (BSC 2004 [DIRS 169776], Committed Materials
table), which has an iron content of 97.47 percent (ASTM A 759-00 [DIRS 159971]),
or 131 kg m-1 . The total iron content of the invert is then 990 kg im, which converts
to 1,415 kg m-1 of Fe2 0 3 . As a comparison, the average mass of Fe 20 3 in the invert under a
21-PWR or 44-BWR waste package, having a nominal length of 5.02 m (BSC 2004
[DIRS 169472], Table 1), would be 7,100 kg, or approximately one-third the amount of iron
corrosion products inside a waste package (Table 6.3-4). Thus, while not negligible, the sorptive
capacity of the invert is small compared to that of the waste packages, and ignoring retardation
by corrosion products in the invert (Assumption 5.6) will overestimate radionuclide transport.
The impact of copper in the invert on retarding iodine and technetium is discussed here to
complete the analysis of neglecting retardation by corrosion products in the invert and thus
overestimating radionuclide transport. The amount of elemental copper in the drift is given by
the nominal weight of the solid copper conductor bar rail, 4.0 kg m-n (BSC 2001 [DIRS 154441],
Section 3.1.7), plus the copper in the communication cable, which is 50 percent by weight of the
total cable weight of 2.00 kg m-' (BSC 2001 [DIRS 154441], Sections 3.1.9 and 3.2.1.3). The
total weight of elemental copper per meter of drift is then [4.0 + (0.5)(2.00)] or a total
of 5.0 kg m-'. These values are based on the nominal mass of elemental copper, rather than the
upper bound values, to avoid overestimating potential sorption on copper. The mass of
elemental copper is not explicitly represented in the TSPA-LA model, but its presence when
oxidized is noted because of its role as a potential sorber for iodine and technetium.
The mass of copper is large relative to the mass of iodine and technetium. Using a waste
package length of 5.024 m for the CSNF waste package (BSC 2004 [DIRS 169472], Table 1),
there is nominally 25.1 kg (395 mol) of elemental copper in the invert per CSNF waste package.
This value (25.1 kg) can be compared to approximately 7.64 kg (77.2 mol) of technetium-99
and 1.75 kg (13.6 mol) of iodine-129 per CSNF waste package (DTN: SN0310T0505503.004
[DIRS 168761]). Thus, there is more elemental copper than iodine or technetium using a mass
or molar basis. Similarly, the 5 DHLW/DOE SNF - Short codisposal waste package has a length
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of 3.45 m (BSC 2004 [DIRS 169472], Table 3), so there is nominally 17.3 kg (272 mol) of
elemental copper per 5 DHLW/DOE SNF - Short waste package in the invert. This mass is
greater than the approximately 1.256 kg (12.7 mol) of technetium-99 or the 114 kg (0.88 mol) of
iodine-129 in the codisposal waste packages (DTN: SN0310T0505503.004 [DIRS 168761]).
Based simply on a gross comparison of quantities present, there is ample copper in the invert to
adsorb all iodine and technetium that might be released from the waste packages if a mole of
copper adsorbs a mole of technetium or iodine. Nevertheless, because the presence of copper is
highly localized, the probability of iodine or technetium released from the waste package
actually contacting the copper is low. Therefore, iodine and technetium are assumed not to sorb
onto corrosion products in the invert.
To summarize, no credit is taken for radionuclide sorption onto corrosion products of iron or
copper contained in the invert (Assumption 5.6), through which radionuclides must be
transported to reach the accessible environment. By ignoring sorption in the invert, there is
added confidence that the radionuclide inventory actually transported is less than the calculated
value used in assessing dose to the individual.
6.3.4.2.3

Sorption Parameters for the Waste Package

This section presents and analyzes appropriate sorption parameters for the EBS. First, the mass
of corrosion products (sorbers) is calculated for the repository design. Second, the available data
on irreversible sorption of radionuclides that are relevant to EBS transport are presented.
In order to avoid ambiguity in competition for adsorption sites, the conceptual model for sorption
of radionuclides in waste package corrosion products precludes reversible sorption. Therefore,
Kd values for all radionuclides are set to zero for sorption onto waste package corrosion products
(BSC 2005 [DIRS 174695]). Irreversible sorption of Pu and Am is included in the sorption
conceptual model. No other radionuclides are sorbed onto waste package corrosion products
reversibly or irreversibly in this model. The surface properties of potential corrosion products,
even just the potential iron corrosion phases, vary tremendously, and a more rigorous model to
evaluate radionuclide sorption, such as a surface complexation model, would be difficult
to parameterize.
6.3.4.2.3.1

Waste Package Corrosion Product Mass

The mass of sorbing material in the waste package has been estimated using compositional
information from Table 4.1-14 and numbers and masses of components listed in design
drawings. The mass of sorbing material in the waste package is based on the iron contents of
Stainless Steel Type 304L, Stainless Steel Type 316L, Stainless Steel Type 316 (these three
types of stainless steel have similar iron contents), Carbon Steel Type A 516, Neutronit A 978,
and the masses of these alloys in the four most common waste package types. The estimated
masses of corrosion products are shown in Table 6.3-4 and described in Appendix A. For
purposes of estimating the mass of corrosion products, the corrosion products are modeled as
Fe 20 3 (Section 6.3.4.2.1), and the mass of corrosion products is calculated based on the ratio of
molecular weight of Fe 20 3 to the atomic weight of Fe, accounting for stoichiometry (footnote f
in Table 6.3-4). The results shown in Table 6.3-4 are based on an earlier version of the waste
package design (lED 800-IED-WISO-00202-000-OOB, BSC 2004 [DIRS 167207]). Due to minor
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design changes for the 5 DHLW/DOE Short waste package (see Section 4.1.3, preceding
Table 4.1-18), the mass of iron in that waste package is larger using the current design (IED
800-IED-WIS0-00601-000-00A, BSC 2005 [DIRS 173501], Table 7) than for the earlier design
version (BSC 2004 [DIRS 167207], Table 5). In addition, in the calculation of the corrosion
product mass (see Figure A-2), a mass of 1 kg for the Interface Ring for the 5 DHLW/DOE Short
waste package is erroneously used; the correct value is 44.6 kg. Lastly, the mass of the spread
ring was increased from 31.9 kg in the earlier design version (BSC 2004 [DIRS 167207],
Table 5) to 33.8 kg in the current design (BSC 2005 [DIRS 173501], Table 7). Using the
updated 5 DHLW/DOE Short waste package design data and correcting the Interface Ring mass
result in an increase in the estimated mass of corrosion products, from 14,230 kg (Table 6.3-4)
to 14,320 kg (updated, corrected value). The difference (0.6 percent) is negligible, so the earlier
estimate of 14,230 kg shown in Table 6.3-4 is suitable for TSPA-LA calculations.
In a revision to the 21-PWR and 44-BWR waste package design (Anderson 2004
[DIRS 171637], BSC 2004 [DIRS 170710], BSC 2004 [DIRS 170838]), the Neutronit used for
the absorber plates is replaced with a nickel-chromium-molybdenum-gadolinium alloy, N06464
(ASTM B 932-04 [DIRS 168403]), denoted as Ni-Gd Alloy. The mass of Neutronit in
a 21-PWR waste package (2,120 kg; see Table 6.3-4) is replaced by 2400 kg of Ni-Gd Alloy.
The mass of Neutronit in a 44-BWR waste package (2,990 kg; see Table 6.3-4) is replaced
by 3,290 kg of Ni-Gd Alloy. Whereas Neutronit contains 66.06 percent iron (Kigler 1991
[DIRS 155761], p. 15), N06464 contains a maximum of 1.0 percent iron (ASTM B 932-04
[DIRS 168403]). In the analysis summarized in Table 6.3-4, only the iron in the waste package
components contributes to the corrosion product mass that is used in water adsorption
calculations in the in-package diffusion submodel, Section 6.3.4.3. This corrosion product mass
also is used in the radionuclide sorption calculations. Using N06464 instead of Neutronit in
a 21-PWR waste package would reduce the total iron mass from 13,600 kg to 12,220 kg; the
equivalent mass of Fe 20 3 would be reduced from 19,440 kg to 17,470 kg, a reduction
of 10.1 percent. Using N06464 instead of Neutronit in a 44-BWR waste package would reduce
the total iron mass from 15,550 kg to 13,610 kg; the equivalent mass of Fe2 0 3 would be reduced
from 22,240 kg to 19,460 kg, a reduction of 12.5 percent.
For purposes of TSPA-LA calculations, iron and corrosion product mass estimates are based on
the earlier waste package design. For a 21-PWR waste package, the calculations use
Revision OOC of Design and Engineering, 21-PWR Waste Package Configuration (BSC 2004
[DIRS 167394]) rather than Revision OOD (BSC 2004 [DIRS 170710]). For a 5 DHLW/DOE
Short waste package, the calculations use Revision 00B of D&E/PA/C JED Typical Waste
Package Components Assembly (BSC 2004 [DIRS 167207], Table 5), instead of Revision OOC
(BSC 2004 [DIRS 169472], Table 5). The estimated masses of corrosion products in 44-BWR
and Naval Long waste packages shown in Table 6.3-4 are not used directly in
TSPA-LA calculations.
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Table 6.3-4. Estimated Masses of Steels and Iron Content in Waste Packages and Equivalent Masses
(kg) of Iron Corrosion Products (Fe 20 3) for Use in Modeling Retardation in the Waste
Package

21-PWR
Total
Fe

44-BWR
Total
Fe

5-DHLW/DOE
SNF - Short
Total
Fe

Massb

Mass

Mass'

Mass

Massd

Mass

Mass*

Mass

61.935

(kg)
10,800

(kg)
6,690

(kg)
11,120

(kg)
6,890

(kg)
10,160

(kg)
6,300

(kg)
14,420

(kg)
8,930

98.37

5,600

5,510

6,800

6,690

3,720

3,660

66.06

2,120

1,400

2,990

1,970

....

18,520

13,600

20,910

15,550

Fe
Contenta
(%)

Material
Stainless Steel
Type 316
A516 Carbon

Naval Long
Total
Fe

-

Steel

Neutronit
A 978

Total
Percentage of

_

-

73.4

-

-

19,440

--

74.4

13,880
-

9,960
71.7

14,420
-

8,930
61.9

Total as iron
Equivalen t

Fe203

mass

I

-

22,240 I

14,230 I

12,770

NOTE: Microsoft Excel calculation of equivalent Fe 20 3 mass is described in Appendix A.
aCalculated "Balance" from Table 4.1-14 compositions: 100- (sum of non-Fe constituents); see Appendix A.
bTotal Mass in 21-PWR for each material in Table 4.1-20: sum of (mass x number) of each component (BSC 2004

[DIRS 169472], Table 2; Material Table in Design and Engineering, 21-PWR Waste Package Configuration(BSC
2004 [DIRS 167394]); see Appendix A.
cTotal Mass in 44-BWR for each material: sum of (mass x number) of each component (BSC 2004
[DIRS 169472], Table 3; Material Table in Design and Engineering,44-BWR Waste Package Configuration
d(BSC
2004 [DIRS
167555]); see
A. each material in Table 4.1-20: sum of (mass x number) of each
Total Mass
in 5-DHLW/DOE
SNFAppendix
- Short for
component (BSC 2004 [DIRS 167207], Table 5; Material Table in Design &Engineering,5 DHLW/DOE SNF Short Waste Package Configuration(BSC 2004 [DIRS 166947]). Interface Ring mass of 1 kg erroneously used
(Figure A-2); correct mass is 44.6 kg (BSC 2004 [DIRS 167207], Table 5); see Appendix A.
"Total Mass in Naval Long for each material: sum of (mass x number) of each component (BSC 2004
[DIRS 169472], Table 4; Material Table in Design and Engineering,Naval Long Waste Package Configuration
(BSC 2003 [DIRS 165159]); see Appendix A.
f Fe 2 0 3 mass = (Fe mass, kg) x (molecular weight Fe 2 0 3 ) x (1 mol Fe 2 03/2 mol Fe) / (atomic weight Fe)
= (Fe mass, kg) x (0.15969 kg Fe 20 3/mol) x (1 mol Fe 20 3/2 mol Fe) /(0.055847 kg Fe/mol)
= 1.4297 x Fe mass.

BWR = boiling water reactor, DHLW = defense high-level (radioactive) waste, SNF = spent nuclear fuel;
DOE = U.S. Department of Energy.

This reduction in Fe 20 3 mass compared with the previous waste package design has two
competing effects on predicted releases of radionuclides from a breached waste package. First,
the mass of sorbant of radionuclides is reduced, which could potentially increase predicted
releases; however, as shown in Appendix B (p. B-25), the sorption capacity of a 21-PWR waste
package is more than double the available radionuclide inventory of a waste package, so using
the previous design with a 10-to-12 percent higher sorption capacity is inconsequential. Second,
using the larger mass of Fe2 0 3 in the previous design results in a higher water saturation in a
no-seep case (as given by the in-package diffusion submodel, Section 6.3.4.3), which will
overestimate diffusive releases of radionuclides.
If corrosion products were modeled as goethite or HFO instead of hematite, the mass of
corrosion products (shown in Table 6.3-4 as hematite) would be increased by 11 percent (for
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a 21-PWR, 21,640 kg FeOOH vs. 19,440 kg Fe 20 3 ; for a 5 DHLW/DOE Short, 15,940 kg
FeOOH vs. 14,320 kg Fe2 0 3). The increase is obtained from the percentage change from the
molecular weight of hematite (0.15969 kg mol-F) to that of goethite or HFO (both having the
chemical formula FeOOH with molecular weight of 0.08885 kg mol-F), accounting for
stoichiometry: 100 x [(2 mol FeOOH/mol Fe 20 3) x (0.08885)/(0.15969) - 1] = 11.3%. This
increase in mass of corrosion products is approximately the same as the 10 to 12% decrease in
corrosion product mass resulting from using the current waste package design instead of the
previous design. Thus, using hematite as corrosion products together with the iron content of the
previous waste package design approximately offsets treating corrosion products as goethite and
HFO with the current waste package design.
6.3.4.2.3.2

Irreversible Sorption onto Waste Package Corrosion Products

Irreversible sorption of a limited number of radionuclides (Pu and Am only) is allowed to take
place in recognition of field and laboratory observations that this process does occur.
Uncertainty is accounted for by specifying a range and distribution for parameters governing the
irreversible sorption model.
Recent reviews of field and laboratory measurements indicate that the fraction of sorbed
plutonium that is available for desorption rarely exceeds I percent (Brady et al. 1999
[DIRS 154421], Appendix F, pp. 141 to 142; Davis and Kent 1990 [DIRS 143280]; see also
Section 6.3.4.2). Observations of this sort have led to the concept that most of the plutonium
sorbed onto soil materials and particularly iron oxyhydroxides is irreversibly attached.
Recognition of the strong role of "irreversible sorption" is implicit in models for watershed
transport (Graf 1994 [DIRS 154419]) that focus solely on particulate transport. At the Rocky
Flats site in Colorado, soil plutonium is largely associated with the negatively charged organic
macromolecular fraction and not with the more abundant iron oxides and clays (Santschi et al.
2002 [DIRS 170923]; Ibrahim and Salazar 2000 [DIRS 170882]). Litaor and Ibrahim (1996
[DIRS 161667]) used 0.01 M CaCI2 as an extractant and measured plutonium in Rocky Flats soil
to be 0.04 to 0.08 percent exchangeable. Transport of minute quantities of colloidal plutonium
(10-14 M) over hundreds of meters was observed at the Nevada Test Site (Kersting et al. 1999
[DIRS 103282]), although the presence of organics may limit the relevance of these data to
Yucca Mountain. Laboratory experiments of plutonium sorption onto iron oxide colloids have
shown that approximately 1 percent of the initially sorbed plutonium can be desorbed into
solution over a period of several months (Lu et al. 2000 [DIRS 166315]; BSC 2004
[DIRS 170025], Section 6.3.3.2), which is broadly consistent with field observations, although
much shorter in time scale. However, because the time scales for all of these observations are
much shorter than the regulatory time period for repository performance (10,000 years),
parameters describing irreversible sorption of plutonium in TSPA-LA calculations have a
large uncertainty.
Although the field studies describe contaminant plumes that appear to be up to 50 years old,
these occurrences of plutonium have not been studied, nor data collected, during that period. In
addition, the mechanism(s) of attachment have not been addressed in these studies. Possible
mechanisms of plutonium sorption and desorption are described in Section 6.6.7. In that section
an alternative conceptual model is presented that incorporates a two-site model of iron
oxyhydroxide substrates, based on published studies, that is supported by the data from Lu et al.
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(2000 [DIRS 166315]). A plausible mechanism for the strong sorption of plutonium is described
in Section 6.6.7 based on the reduction of Pu(V) to Pu(IV) at the surface of the iron
oxyhydroxide substrates. However, it is not known if this process explains strong sorption of
plutonium over long periods of time. In any case, neither this mechanism nor any other has been
invoked to explain the field occurrences of plutonium nor, until recently, the laboratory data
(Lu et al. 2000 [DIRS 166315]) that suggest slow desorption.
Effectively irreversible uptake may be the dominant control over contaminant transport in soils.
Evidence for soil sequestering of bomb-pulse plutonium and americium and of uranium, iodine,
technetium, cesium, and strontium from ore processing and reactor operations has been
documented in the literature (Coughtrey et al. 1983 [DIRS 132164]). Pu and Am sorb more
strongly than the others listed (see BSC 2004 [DIRS 170025], Section 6.3.3.1).
Estimates of the mean fraction of irreversible sorption for various radionuclides on soil are
derived in Site Screening and Technical Guidancefor MonitoredNaturalAttenuation at DOE
Sites (Brady et al. 1999 [DIRS 154421], Appendix F, pp. 141 to 142). The value of the
irreversible fraction for the EBS will differ from that for soils and will depend on the material
that the specific radionuclide encounters, the speciation of the radionuclide, and other factors in
the material and chemical environment. For the TSPA-LA model, irreversible sorption of Pu and
Am is included, with appropriate fractions of the total mass adsorbed being based on field

observations. The implementation of the irreversible radionuclide sorption component of the
EBS transport model is described in Section 6.5.3.4.
For the irreversible sorption submodel, the composition of the iron oxyhydroxide corrosion
products is modeled as goethite, ranging from 45 - 80 percent, with the balance being HFO
(Section 6.3.4.2.1). The goethite and HFO content has a uniform distribution. Justification for
these composition ranges is as follows.
Ferrihydrite will convert to the more stable phase goethite under repository conditions so the
latter will most likely be the dominant phase after long periods of time. Under controlled
laboratory conditions, this conversion occurs rapidly, with time frames on the order of days to
even months depending on temperatures and solution composition. A study by Hamzaoui et al.
(2002 [DIRS 173866]), for example, on the transformation of ferrihydrite to goethite at alkaline
conditions for a given range of temperatures indicates that full conversion will occur in a period
of about 80 hours at pH 11 and about 20 hours at pH 12.2 and a temperature of 40"C. A similar
result at pH 12.2 was obtained by Cornell and Giovanoli (1988 [DIRS 173864]) but at a
temperature of 70*C, where full conversion to goethite was obtained in about 24 hours.
Hamzaoui et al. (2002 [DIRS 173866]) also show that transformation rates increases with
increasing pH. The studies by Cornell and Giovanoli (1988) and Cornell et al. (1989
[DIRS 173865]) indicate that the presence of some metals in solution and organics tends to
retard the transformation of HFO to more crystalline phases. Slower rates are expected at
ambient temperatures and near-neutral pH conditions.
Schwertmann et al. (2000
[DIRS 173863]) studied long-term transformation of ferrihydrite to more crystalline
oxyhydroxides at pH 4-7 and 25°C. Their results show that the presence of other metals in soils,
such as Al, can slow down the conversion process. Even at low metal concentration, the full
transformation process can be on the order of many months. However, whereas laboratory data
show fast conversion rates from ferrihydrite to goethite, field-type corrosion experiments under
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atmospheric conditions indicate the consistent presence of amorphous ferric oxyhydroxide
material for long periods of time (Misawa et al. 1974 [DIRS 159327]). The field experiments of
Misawa et al. (1974) exposed mild and low-alloy steels to a semi-rural environment
for 2.5 years. Phase identification analyses of the generated rusted material showed a larger
proportion of amorphous ferric oxyhydroxide compared to goethite. Still, the former will
transform to the latter with further aging. Dillmann et al. (2004 [DIRS 171480]) studied the
corrosion products in ancient artifacts open to indoor atmospheric environments. Even for time
periods on the order of a few to tens of years, the proportion of the ferric amorphous phase
observed in the corrosion products can be roughly in the range of 20 - 70 percent (Dillmann et
al. (2004 [DIRS 171480], Table 1, p. 1405). Therefore, field evidence indicates that conversion
of amorphous ferric oxyhydroxide to goethite can be slower than observed under laboratory
conditions due to various factors inherent to local corrosion environments, such as the presence
of additional metals in solution, pH, wet and dry cycles, and temperature. Given these large
differences observed for the apparent speed of conversion between laboratory and field
experiments, it is difficult to constraint transformation rates with a high level of confidence, and
the range of compositions advanced above (45 to 80 percent goethite, the rest being HFO; see
Section 6.3.4.2.1) is reasonable in capturing this variability.
The lack of data for both corrosion and phase transformation kinetics to reflect the inherent
complexities of the in-package chemical environment precludes any attempts at estimating a
well-constrained fraction of corrosion products with time. For model details on the in-package
chemical environment and justification for the use goethite and ferrihydrite as the metal sorbing
corrosion product phases see Section 6.3.2 of In-Package Chemistry Abstraction (BSC 2005
[DIRS 174583]. This in-package chemistry abstraction model assumes a mixture of sorbing
ferric Fe oxyhydroxide corrosion products consistent with the irreversible sorption submodel
considered in the current report. For these reasons, the adopted range is a reasonable
representation that captures the presence of these two phases at any given time. The limited data
available are still useful to support the argument for a rapid transformation as represented by the
selected bounds for goethite fraction, considering the expected environmental repository
conditions. However, the data also indicate that retardation of this conversion may be a result of
other metals present in solution as it would be expected during waste package degradation.
The composition of HFO is not well defined given the variable content of H2 0 adsorbed,
yielding a range of Fe:O:H ratios with respect to the phase structural properties (Cornell and
Schwertmann 2003 [DIRS 173037]). Due to the arbitrary designation of ferrihydrite as
amorphous hydrous ferric oxide with the formula Fe(OH) 3 , as often found in the literature, a
more accurate representation of its composition should be considered based on chemical and
structural analyses. Comell and Schwertmann (2003 [DIRS 173037]) suggested that the
chemical formula representation of ferrihydrite should be expressed as FeOi.o 7(OH)0. 86 and
FeOO.89(OH)1. 22 for 6-line ferrihydrite and 2-line ferrihydrite, respectively. The work of Towe
and Bradley (1967 [DIRS 155334]) advanced a ferrihydrite composition (4Fe 2O3.6H 20) with
larger amounts of H20. As discussed by Eggleton and Fitzpatrick (1988 [DIRS 173878]), many
of the structural models for ferrihydrite do not conform to the reported bulk compositions,
probably due to added adsorption effects caused by the aggregation of small particles, thus
generating the emplacement of additional OH onto the surface. Eggleton and Fitzpatrick (1988
[DIRS 173878]) also concluded that any relations assessed from the structural .analysis of
ferrihydrite should be associated to a structural formula of FeO(OH). This chemical formula is
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consistent with that adopted for HFO (Fe203.H 20) along with the conversion factor of 89 g
HFO/mol Fe by Dzombak and Morel (1990 [DIRS 105483]). Therefore, the adopted chemical
formula for ferrihydrite/HFO in this analysis is FeO(OH), which is equivalent to that of goethite.
Adoption of this chemical composition is consistent with that used in the HFO sorption analysis
presented by Dzombak and Morel (1990 [DIRS 105483]). The close correspondence of the
adopted chemical formula for ferrihydrite/HFO when compared to the range of reported
compositions given above for ferrihydrite (Cornell and Schwertmann 2003) supports the use of
this chemical formula in this report.
The sorptive capacity of the corrosion products is directly proportional to the surface area of the
solids. Data for the specific surface area of goethite and HFO are compiled in Table 4.1-10 and
qualified for use in TSPA-LA in Section 4.1.2. These data provide a range of values to be
sampled in TSPA-LA for both goethite and HFO. The data in Table 4.1-10 are used to develop a
discrete distribution, shown in Table 6.3-6. To calculate the discrete probability distribution, the
data in Table 4.1-10 were first sorted into ascending order. Multiple occurrences of the same
number were removed from the sorted data list, but their occurrence frequency was assigned for
probability calculation. The probability levels were calculated by dividing the frequency of the
each data number by the total number of original data points in the data list. The specific surface
area of HFO is given by a single value, 600 m2 g-1 (Dzombak and Morel 1990 [DIRS 105483],
Table 5.3; Hofmann et al. 2005 [DIRS 173711], Table 2).
Irreversible sorption of radionuclides occurs only on specific sites on the surface of corrosion
product particles. The number of sites per unit area of surface, or site density (typically in units
of sites nm-2), determines the total quantity of radionuclides that can be adsorbed. Site density
data for goethite and HFO are compiled in Table 4.1-10 and qualified for use in TSPA-LA in
Section 4.1.2. Site density data for goethite in Table 4.1-10 in units other than sites nm"2 are
converted to sites nm"2 in Table 6.3-4a.These data provide a range of values to be sampled in
TSPA-LA for both goethite and HFO. The data in Table 4.1-10 are used to develop discrete
distributions, shown in Table 6.3-6, by applying the same technique used for goethite specific
surface area.
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Table 6.3-4a.

z
8

Site Density
(Various Units)

C)

3.28 x 106
mol m 2

C,

>

Site Densities Conversions for Goethite

Source
Rodda et al. 1996
[DIRS 173710], Table 1

0

Model fitting (2-site Langmuir adsorption model for Zn and Pb).
Site densit value represents the summation of low- and high-affinity sites: 2.90 x 10s +
3.75 x 10 = 3.28 x 10-6 mol m-2 . Value converted to sites nm"2 using the following relation:
2

0O

1.43 x 10"'
mol m2

Rodda et al. 1996
[DIRS 173710], Table 1

0•

6.022mm"
x 103" 'x I0-1,
2
nM
ma!,

0

8.59

2'

Rodda et al. 1996
[DIRS 173710], Table 5

Model fitting (BET adsorption model for Zn).
Value converted to sites nm 2 using the following relation:
2
10 z3 lx l0-I m
"022x
2(6
mo1/m
10-6
x
2.2
J
nm 2
ma!

1.32

1.79 x 10"5
mol g"

Trivedi et al. 2001
[DIRS 173021], Table 3

Fe adsorption edges. Value converted to sites nm"2 using the following relation:
(6.022x!0"
g ''1xl0'-1m2"
'79x1O4 m°gL
mol
a
t55.4 m2 X nm-2

1.95

4.22 x 10"s
mol g- 1

Trivedi et al. 2001
[DIRS 173021], Table 3

NiEDTA adsorption edges. Value converted to sites nm"2 using the following relation:
(6.022x 10"o - g 'lxl0l-•mI
5
1~21 M2 )Lý nM2
ma!
mo/g
4.2x1

1.21

3.54 x 10-5
mol g1

Trivedi et al. 2001
[DIRS 173021], Table 3

PbEDTA adsorption edges. Value converted to sites nm"2 using the following relation:
(6.022 x10"
g ),i xO-I m2 )
5

1.02

Hansmann and Anderson
1985 [DIRS 173742], p. 547

Maximum theoretical value estimated from crystal morphology. Value converted to
sites nm using the following relation:
2
aPmol
I(x10-mol 6.022x10"
g )(lxIO-m')
14 0

2.55

140 pmol g'

)

3.54xl10 mol/g (

-g
0
0,-

0

2.2 x 10-6
mol m"2

i..J

I.~j

nm

p

I~21 m' )(

ma!

"ol

m

,33m

0~

1.97

)

Model fitting (2-site Langmuir adsorption model for Zn and Pb).
Site density value represent the summation of low- and high-affinity sites: 1.30 x 10.5 +
1.26 x 10"' = 1.43 x 10"5 mol m2. Value converted to sites nm"2 using the following relation:
1.43 x I 0-'mol/m' ( .022x10-mol)

0

Site Density
(sites nm"2)

Conversion

3•28x10-m61/m

0

C

nm2

n-3mmJ)

Table 6.3-4a.

z
Site Density
_(Various Units)
C,,

80 pmol g"1

Site Densities Conversions for Goethite (Continued)

M
Site Density
(sites nm 2)

Source

Conversion

Hansmann and Anderson
1985 [DIRS 173742], p. 547

Estimated from maximum sorption data for selenite. Value converted to sites nm2using the
following relation:
2
6
lXl0-IJ m
,,mol IXlO- mol J(6.022xlO23 ) g

1.46

Uranyl adsorption SCM. Value converted to sites nm 2 using the following relation:

2.32

0

5.53

.0

0

0

80

0.31 mmol g

1

Gabriel et al. 1998
[DIRS 130407], pp. 124,126

0 31 mo

"

xI0-,mol'(6.022xl'

g

mol

)o80.5

" mmol

8

2

YIx10'- m,
)mtnm 2

0~

9.18 x 10"6
mol m-2

Mnller and Sigg 1992
[DIRS 173760], p 519

Acid-base surface titration. Value converted to sites nm 2using the following relation:
.
mol(6.022x1023 Y1xl0_' 8 m 2

9.i8xIO6 V(
3.2 pmol m2

Grife et al. 2004

[DIRS 173751], p. 6561

2.2 ipmol m-2

Grtfe et al. 2004
[DIRS 173751], p. 6561

Mol

rim 2

Arsenate isotherm (pH 4). Value converted to sites nm2using the following relation:

3pmo(ixio moiy 6.022x1o0,
3
"m2'
Pmol
tol)Jnm

IxlO "mM
2

1.93

J

Arsenate isotherm (pH 7). Value converted to sites nm2using the following relation:
2
1moift
x 10-6 Mol 6.022x 10 1 IX i0- m2
2.2
"mot'
Pm
ol
nm2 J

1.32

>
C,
N-,
0•

C

C

C.

EBS Radionuclide Transport Abstraction

Of the surface sites available for sorption, only a fraction are capable of binding irreversibly to a
radionuclide. These are referred to as high-affinity sites, expressed as a percentage of the site
density for each mineral comprising the corrosion products. Data for the low- and high-affinity
site densities for goethite are compiled in Table 4.1-11, and high-affinity site densities for HFO
are compiled in Table 4.1-12. The percentage of high-affinity sites for goethite is calculated in
Table 6.3-4b.
Table 6.3-4b.

Percentage of High-Affinity Sites for Goethite

Low-Affinity
Site Density

High-Affinity
Site Density

Site
Density
Units

LowlHigh
Affinity Site
Ratio

% of High
Affinity Sites

7.70 x 10'

2.52 x 10'

mol m-2

3.06

24.66

Rodda et al. 1996
[DIRS 1737101, Table 1

2.90 x 10-6

3.75 x 10-7

mol m"2

7.73

11.45

Rodda et al. 1996
[DIRS 173710], Table 1

1.30 x 10-

1.26 x 10-6

mol m"2

10.32

8.84

Rodda et al. 1996
[DIRS 173710], Table 1

1.00

1.41 x 10-7

mol m"2

7.09

12.36

Rodda et al. 1996
[DIRS 173710], Table 1

3.45

2.7

sites nm2

1.28

43.90

Hiemstra and Van
Riernsdijk 1996
[DIRS 173023], p. 498

2.40x10"5

8.80x106

maol g"1

2.73

26.83

Christophi and Axe 2000
[DIRS 173020], Table 5

7.50x10'

7.40x10'

maol g"

1.01

49.66

Christophi and Axe 2000
[DIRS 1730201, Table 5

2.40x10-6

6.80x10"6

mol g-'

0.35

73.91

Christophi and Axe 2000
[DIRS 173020], Table 5

3.47x10"5

1.04x10-5

mol g 1

3.34

23.06

Trivedi et al. 2001
1 [DIRS 173021], Table 3

1.14x10-5

mol

3.40

22.71

Trivedi et al. 2001
1 [DIRS 173021], Table 3

x

10-6

3.88x10"5

g1

1_

1

Source

Source: Output DTN: SN0508T0503305.003.
NOTE:

% of High Affinity Sites = 100/(1 + Low/High Affinity Site Ratio).

To estimate the percentage range of high-affinity sites for HFO, the data listed Table 4.1-12 and
Table 4.1-13 (number of high-affinity sites and total site densities, respectively) were convoluted
to generate a complete range of high-affinity site percentages. The compilation of data given by
Dzombak and Morel (1990 [DIRS 105483]) in these tables are considered to generate this range
of values. Also, a set of values for high-affinity sites capturing the whole range given in
Table 5.2 of Dzombak and Morel (1990 [DIRS 105483]) were selected as inputs in this report.
The convolution is done by first determining the percentage of total vs. high-affinity sites (Sf)
computed as:
S

ANL-WIS-PA-000001 REV 02

= SIMA

Stota,

6-55

x 100

(Eq. 6.3.4.2.3.2-1)

August 2005

EBS Radionuclide Transport Abstraction

where SIIA (Table 4.1-12) and Soai (Table 4.1-13) are high-affinity and total sites, respectively.
This operation is done for each value of S,,ota listed in Table 4.1-13 (see
DTN: SN0508T0503305.003, Spreadsheet 'sorption data.xls', Worksheet 'HFO % of high
affinity sites'). That is, Sf is calculated using the set of values listed in Table 4.1-12 for each
value of given in Table 4.1-13. For example, the range of values in Table 4.1-12 are all divided
by a total site density of 0.2 (see Table 6-3.5) and the operation is repeated for the subsequent
total site density in Table 4.1-13.
The objective of this approach is to capture an all-encompassing range of percentage of highaffinity sites for the given bounds of total site densities for HFO tabulated by Dzombak and
Morel (1990 [DIRS 105483]). This approach reduces bias in the eventual sampling range of
high-affinity site densities for a given set of total site density values. The percentage of
high-affinity sites for HFO are listed in Table 6.3-5.
The percentage of high-affinity data are used to develop discrete distributions for goethite and
HFO for sampling in TSPA-LA by applying the same technique used for goethite specific
surface area and site densities; the distributions are shown in Table 6.3-6.

ANL-WIS-PA-000001 REV 02

6-56

August 2005

C

C

z

CD2
0
0
0

0
0

P'j
TI',

71,

U,
k)
0/

Table 6.3-5.
Total Site
Density
(sites nm"2 )
0.2

High-Affinity
Site Density
(mol Sites/mol Fe)
0.005

0.2
0.2
0.2

0.003
0.01
0.002

1.50
5.00
1.00

0.2

0.002

1.00

0.2
0.2

0.005
0.002

2.50
1.00

0.2

0.001

0.50

0.2

0.005

2.50

0.2

0.001

0.50

0.2

0.002

1.00

0.2

0.003

1.50

0.2

0.007

3.50

0.2
0.2
0.2

0.005
0.01
0.001

2.50
5.00
0.50

0.2

0.003

1.50

0.2
0.2

0.005
0.001

2.50
0.50

0.2

0.005

2.50

0.2

0.001

0.50

0.2

0.005

2.50

% of High
Affinity Sites
2.50

C

Percentage of High-Affinity Sites for HFO

Total Site
Density
(sites nm"2)
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

High-Affinity
Site Density
(mol Sites/mol Fe)
0.005
0.003
0.01
0.002
0.002
0.005
0.002
0.001
0.005
0.001
0.002
0.003
0.007
0.005
0.01
0.001
0.003
0.005
0.001
0.005
0.001
0.005

% of High
Affinity Sites
5.00
3.00
10.00
2.00
2.00
5.00
2.00
1.00
5.00
1.00
2.00
3.00
7.00
5.00
10.00
1.00
3.00
5.00
1.00
5.00
1.00
5.00

Total Site
Density
(sites nm 2)
0.2

High-Affinity
Site Density
(mol Sites/mol Fe)
0.005

% of High
Affinity Sites
2.50

0.2
0.2

0.003
0.01

1.50
5.00

0.2

0.002

1.00

0.2
0.2

0.002
0.005

1.00
2.50

-0.2

0.002

1.00

0.2
0.2

0.001
0.005

0.50
2.50

0.2

0.001

0.50

0.2
0.2

0.002
0.003

1.00
1.50

0.2
0.2

0.007
0.005

3.50
2.50

0.2

0.01

5.00

0.2
0.2

0.001
0.003

0.50
1.50

0.2

0.005

2.50

0.2
0.2
0.2

0.001
0.005
0.001

0.50
2.50
0.50

0.2

0.005

2.50

C.

Table 6.3-5.

CA

03

0

0•

Total Site
Density
(sites nm'2)
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

High-Affinity
Site Density
(mol Sites/mol Fe)
0.005
0.003
0.01
0.002
0.002
0.005
0.002
0.001
0.005
0.001
0.002
0.003
0.007
0.005
0.01
0.001

0.2
0.2
0.2
0.2
0.2
0.2

Percentage of High-Affinity Sites for HFO (Continued)
Total Site
Density
(sites nm"2 )

High-Affinity
Site Density
(mol Sites/mol Fe)

% of High
Affinity Sites

0.23
0.23

0,005
0.003

2.17
1.30

0.23
0.23

0.01
0.002

4.35
0.87

1.11

0.23
0.23
0.23

0.002
0.005
0.002

0.005

0.56
2.78

0.23
0.23

0.001
0.005

0.87
2.17
0.87
0.43

0.001

0.56

0.23

0.001

0.43

0.002
0.003

1.11
1.67

0.23

0.002

0.18

0.007

3.89

0.23
0.23

0.003
0.007

0.18
0.18

0.005
0.01

2.78
5.56

0.23
0.23

0,005
0.01

0.87
1.30
3.04
2.17
4.35

0.18

0.001

0.56

0.23

0.001

0.43

0.18

0.003

1.67

0.23

0.003

1.30

0.18

0.005

2.78

0.23

0.005

2.17

0.18

0.001

0.56

0.23

0,001

0.43

0.18

0.005

2.78

0.23

0.005

2.17

0.18

0.001

0.56

0.23

0,001

0.43

0.18

0.005

2.78

0.23

0.005

2.17

Total Site

High-Affinity
Site Density
(mol Sites/mol Fe)
0.005

%of High
Affinitv Sites
2.78

0.003
0.01

1.67
5.56

0.18

0.002

1.11

0.18
0.18
0.18

0.002
0.005
0.002

1.11
2.78

0.18

0.001

0.18
0.18
0.18
0.18

Density
(sites nm-21
0.18
0.18
0.18

0.003
0.005
0.001
0.005

% of High
Affinity Sites
2.50
1.50
5.00
1.00
1.00
2.50
1.00
0.50
2.50
0.50
1.00
1.50
3.50
2.50
5.00
0.50
1.50
2.50
0.50
2.50

0.001
0.005

0.50
2.50

0

2.17

k)
0
0
I-,'

C

C

C

€
Table 6.3-5.

z
C>

0
CD

0?1
Lit

0>
0•

C

C

Total Site
Density
(sites nm"2)
0.24

High-Affinity
Site Density
(mol Sites/mol Fe)
0.005

% of High
Affinity Sites
2.08

0.24

0.003

1.25

0.24
0.24

0.01
0.002

4.17
0.83

0.24

0.002

0.83

0.24
0.24

0.005
0.002

0.24
0.24

Percentage of High-Affinity Sites for HFO (Continued)
Total Site
Density
(sites nm 2)
0.14

High-Affinity
Site Density
(mol Sites/mol Fe)
0.005

% of High
Affinity Sites

Total Site
Density
(sites nm"2 )

High-Affinity
Site Density
(mol Sites/mol Fe)

% of High
Affinity Sites

3.57

0.2

0.005

2.50

0.14
0.14

0.003
0.01

2.14
7.14

0.2
0.2

0.003
0.01

1.50
5.00

0.14

0.002

1.43

0.2

0.002

1.00

0

0.14

0.002

1.43

0.2

0.002

2.08
0.83

0.14
0.14

0.005
0.002

3.57
1.43

0.2

0.005

1.00
2.50

C-

0.001
0.005

0.42
2.08

0.14

0.001

0.71

0.2
0.2

0.002
0.001

1.00
0.50

0.24
0.24

0.002
0.003

0.83
1.25

3.57
0.71
1.43

2.50

0.42

0.005
0.001
0.002

0.005

0.001

0.14
0.14
0.14

0.2

0.24

0.2
0.2

0.001
0.002

0.50
1.00

2.14
5.00

1.50

2.92
2.08

0.003
0.007

0.003

0.007
0.005

0.14
0.14

0.2

0.24
0.24

0.14

0.005

3.57

0.2
0.2

0.007
0.005

3.50
2.50

0.24
0.24
0.24

0.01
0.001
0.003

4.17
0.42
1.25

0.14
0.14

0.01
0.001

7.14
0.71

0.2

0.01

5.00

0.14

0.003

2.14

0.2
0.2

0.001
0.003

0.50
1.50

0.24
0.24

0.005
0.001

2.08
0.42

0.14
0.14

0.005
0.001

3.57
0.71

0.2

0.005

2.50

0.24
0.24

0.005
0.001

2.08
0.42

0.14
0.14

0.005
0.001

3.57
0.71

0.2
0.2
0.2

0.001
0.005
0.001

0.50
2.50
0.50

0.24

0.005

2.08

0.14

0.005

3.57

0.2

0.005

2.50

0~

0

0
-t

0

Table 6.3-5.

z
t-j

C
0
0
0

0
0

C.

Total Site
Site

High-Affinity
High-Affinity

Density
(sites nM 2)
0.15
0.15

Site Density
(mol Sites/mol Fe)
0.005
0.003

% of High
Affinitv Sites
3.33
2.00

0.15
0.15

0.01
0.002

Percentage of High-Affinity Sites for HFO (Continued)
Total Site
Density
(sites nm, 2 )

High-Affinity
Site Density
(mol Sites/mol Fe)

6.67
1.33

0.2
0.2
0.2
0.2

0.005
0.003
0.01
0.002

m

Total Site
Density
(sites nm"2 )

High-Affinity
Site Density
(mol Sites/mol Fe)

% of High
Affinity Sites

0.5
0.5

0.005
0.003

1.00
0.60

0.5

0.01

0.5
0.5

0.002

2.00
0.40

0.002
0.005
0.002

0.40
1.00
0.40

0.001
0.005

0.20
1.00

0.001

0.20

0.002
0.003

0.40
0.60

0.007

1.40

0.5
0.5
0.5

0.005
0.01
0.001

1.00
2.00

0.5

0.003

0.60

2.50
0.50

0.5
0.5

0.005
0.001

1.00
0.20

0.005

1.00
0.20

% of High
Affinity Sites
2.50
1.50
5.00

0~
C
0
0
-I

0.15

0.002

1.33

0.2

0.002

1.00
1.00

0.15
0.15
0.15

0.005
0.002
0.001

3.33
1.33
0.67

0.2
0.2

0.005
0.002

2.50
1.00

0.5
0.5

0.005
0.001

3.33
0.67

0.001
0.005

0.50
2.50

0.5

0.15
0.15

0.2
0.2
0.2

0.001

0.50

0.15

0.002

1.33

0.2

0.002

0.15
0.15
0.15
0.15
0.15
0.15

0.003
0.007
0.005

2.00
4.67
3.33

0.2
0.2

0.003
0.007

1.00
1.50
3.50

0.5
0.5

0.01
0.001

6.67
0.67

0.2
0.2

0.005
0.01

2.50
5.00

0.2

0.001

0.003

2.00

0.005
0.001

3.33
0.67

0.003
0.005
0.001

0.50
1.50

0.15
0.15

0.2
0.2
0.2

0.15

0.005

3.33

0.2

0.005

2.50

0.5

0.15
0.15

0.001
0.005

0.67
3.33

0.2
0.2

0.001
0.005

0.50
2.50

0.5
0.5

0.5

0.5
0.5

1

0.001
0.005

U,

~0
0

0~
0

0.20

1

1.00

C
U,

N)
0
0

C

C

C

Table 6.3-5. Percentage of High-Affinity Sites for HFO (Continued)

z
0

0
CD

Total Site
Density
(sites nm 2 )

High-Affinity
Site Density
(mol Sites/mol Fe)

0.15

0.005

0.15
0.15

0.003
0.01
0.002

3.33
2.00
6.67
1.33

0.002

1.33

0.15
0.15

0.005
0.002

3.33
1.33

0.15

0.001

0.67

0.15
0.15

0.005
0.001

3.33
0.67

0.15
0.15

0.002
0.003

1.33
2.00

0.15

0.007

4.67

0.15

0.005

3.33

0.15

0.01

6.67

0.15
0.15

0.001
0.003

0.67
2.00

0.15

0.005

3.33

0.15

0.001

0.67

0.15

0.005

3.33

0.15

0.001

0.67

0.15

0.005

3.33

0.15
0.15

0~~
0~~

C0
L0

C

C

% of High
Affinity Sites

Total Site
Density
(sites nm"2)
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16

High-Affinity
Site Density
(mol Sites/mol Fe)
0.005
0.003
0.01
0.002
0.002
0.005
0.002
0.001
0.005
0.001
0.002
0.003
0.007
0.005
0.01
0.001
0.003
0.005
0.001
0.005
0.001
0.005

% of High
Affinity Sites
3.13
1.88
6.25
1.25
1.25
3.13
1.25
0.63
3.13
0.63
1.25
1.88
4.38
3.13
6.25
0.63
1.88
3.13
0.63
3.13
0.63
3.13

Total Site
Density
(sites nm 2 )

High-Affinity
Site Density
(mol Sites/mol Fe)

0.05

0.005

10.00

0.05
0.05

0.003
0.01

6.00
20.00

0.05
0.05

0.002
0.002

4.00
4.00

0.05

0.005

10.00

0.05
0.05

0.002
0.001

4.00
2.00

0.05

0.005

10.00

0.05

0.001

2.00

0.05
0.05

0.002
0.003

4.00
6.00

0.05
0.05

0.007
0.005

14.00
10.00

0.05

0.01

20.00

0.05
0.05

0.001
0.003

2.00
6.00

0.05

0.005

10.00

0.05

0.001

2.00

0.05

0.005

1.11

0.05
0.05

0.001
0.005

2.00
10.00

% of High
Affinity Sites

0

Table 6.3-5. Percentage of High-Affinity Sites for HFO (Continued)

z

Y,I0

C>
C

M

171
C.,

Total Site
Density
(sites nm" )
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18

High-Affinity
Site Density
(mol Siteslmol Fe)
0.005
0.003
0.01
0.002
0.002
0.005
0.002
0.001
0.005
0.001
0.002
0.003
0.007
0.005
0.01
0.001
0.003
0.005
0.001
0.005
0.001
0.005

Total Site
Density
_(sites nm"2 )
0.1

High-Affinity
Site Density
(mol Sites/mol Fe)
0.005

0.1
0.1

0.003
0.01

0.1

0.002

0.1
0.1
0.1

rri

Total Site
Density
(sites nmz)

High-Affinity
Site Density
(mol Sites/mol Fe)

% of High
Affinity Sites

0.005

3.85

10.00
2.00

0.13
0.13
0.13
0.13

0.003
0.01
0.002

2.31
7.69
1.54

0.002
0.005
0.002

2.00

0.13

0.002

1.54

5.00
2.00

0.13
0.13

0.005
0.002

3.85
1.54

0.1

0.001

1.00

0.13

0.001

0.77

0.1
0.1

0.005
0.001

5.00
1.00

0.13

0.005

3.85

0.13

0.001

0.77

0.1
0.1

0.002

2.00

0.13

0.002

1.54

0.003

3.00

0.13

0.003

0.1

0.007

2.31
5.38

0.005
0.01

0.13
0.13
0.13

0.007

0.1
0.1

7.00
5.00
10.00

0.005
0.01

3.85
7.69

0.1
0.1
0.1

0.001
0.003

1.00
3.00

0.13

0.001

0.1
0.1

0.001

5.00
1.00

0.003
0.005

0.77
2.31

0.005

0.13
0.13
0.13

0.001

0.005

5.00

0.1

0.001

1.00

0.13
0.13
0.1
0.005
5.00
0.13
Source: DTN: SN0508T0503305.003, Spreadsheet 'sorption data.xls', Worksheet 'HFO % of high affinity sites.'

0.005
0.001
0.005

% of High
Affinity Sites
2.78
1.67
5.56
1.11
1.11
2.78
1.11
0.56
2.78
0.56
1.11
1.67
3.89
2.78
5.56
0.56
1.67
2.78
0.56
2.78
0.56
2.78

% of High
Affinity Sites
5.00
3.00

0

-i
~1
0
0~
0

3.85
0.77
3.85
0.77
3.85

0A

C

C
0
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C
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The values currently used in TSPA-LA for goethite and HFO specific surface area, site density,
and high-affinity site percentages, and the discrete distributions for these parameters, are based
on preliminary DTN: SN0503T0503305.001. Three data values in this DTN are incorrect. In
addition, the data currently used in preliminary DTN: SN0503T0503305.001 contain up to 15
significant digits, whereas the source data in Tables 4.1-10, 4.1-11, and 4.1-12 are accurate to
one to three digits. The parameter values for the discrete distributions in Table 6.3-6 are given to
three significant digits, while the probability levels are reported to five decimal places. Details
of the data errors and the discrete distributions currently used in TSPA-LA are described
in Appendix J.
The capacity (in moles of high-affinity sites per gram of corrosion products) for irreversible
sorption on stationary corrosion products is computed based on these four parameters, combining
the capacity of goethite and HFO:
+

1016

(i+O-COG

XJFOI [VGNsG +

-COG)N-,,][OGIIA.G + (-

M)AIFO

NA

(Eq. 6.3.4.2.3.2-2)
where:
COG

= mass fraction of corrosion products as goethite (dimensionless)

sG

= specific surface area of goethite (M 2 g-')

s-HFO

= specific surface area of HFO (in 2 g-1)

NsG

= sorption site density for goethite (sites nm- 2 )

NsHFO

= sorption site density for HFO (sites nm- 2)

fHAG

= percentage of high-affinity sites for goethite (percent)

fIAIFo =

NA

percentage of high-affinity sites for HFO (percent)

= Avogadro's number (sites mol-1).

The factor of 1016 includes a conversion factor from nm 2 to m2 and from percentage of
high-affinity sites to fraction of high-affinity sites.
Table 6.3-6 shows discrete probabilities for various values of several parameters. The sum of
these parameters is 1.0, and the cumulative sum at any parameter value is the cumulative
(probability) distribution function, CDF.
From the parameter values given in Table 6.3-6, the sorption capacity of corrosion products
ranges from 3.90 x 10-6 mol gC to 2.18 x 10-3 mol g-i. To put these values into perspective, the
amount of radionuclides capable of being irreversibly sorbed can be estimated for a 21-PWR.
The inventory of Pu and Am and their isotopes is 83.6 kg per CSNF waste package
(DTN: SN0310T0505503.004 [DIRS 168761]).
Using an approximate atomic weight
of 240 g mol-i (to represent various Pu and Am isotopes), this inventory of Pu and Am in a
fully-degraded 21-PWR containing 19,440 kg corrosion products (as Fe20 3, from Table 6.3-4)
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corresponds to about 1.79 x 10-5 mol g-1. Thus, the sorption capacity of goethite and HFO
corrosion products ranges from about 0.2 to 120 times the Pu and Am inventory of a CSNF
waste package.
Table 6.3-6. Sample Ranges and Distributions Used for Irreversible Sorption on Stationary Corrosion
Products
Input Name
RelativeAbundanceGoethitea

Input Description
Fraction of total iron oxide that is

Range
0.45- 0.8

Distribution
Uniform

Specific Surface Area

Probability Level

goethite
GoethiteSA a

Goethite surface area; discrete
distribution

(m 2 0-11

14.7

0.01887

20.0

0.05660

21.0

0.03774

21.4

0.01887

27.7

0.01887

28.5

0.03774

30.8
32.0
33.0

0.01887
0.03774
0.05660

35.0

0.01887

37.0

0.01887

38.0
39.9

0.01887
0.01887

43.0

0.01887

45.0

0.03774

47.5
49.0
50.0

0.01887
0.07547
0.01887

52.0
54.0

0.03774
0.01887

55.0

0.05660

55.4

0.01887

64.3

0.01887

66.0

0.03774

70.0

0.03774

80.0

0.03774

80.5

0.01887

81.0
85.0

0.07547
0.01887

86.0

0.01887

105.

0.03774

110.
HFOSA-a

HFO surface area; discrete
distribution

Specific Surface Area
(M2 ,q-l)

600.0
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Table 6.3-6. Sample Ranges and Distributions Used for Irreversible Sorption on Stationary Corrosion
Products (Continued)
Input Name
GoethiteSiteDensity.a

I

Input Description

Goethite site density; discrete
distribution

Range

Distribution

Density (sites nm-21

Probability Level

1.02

0.01786

1.21

0.01786

1.32
1.46

0.03571

1.50
1.66

0.01786
0.01786

1.68

0.03571

1.70

0.01786

1.80

0.01786

1.87
1.93

0.01786

1.95

0.01786

1.97

0.01786

2.20

0.01786

2.30
2.31

0.07143
0.01786

2.32

0.01786

2.55

0.01786

2.60

0.03571

2.70

0.01786
0.01786

2.89
2.90

0.03571
0.01786

3.12

0.01786

3.13
3.30

0.01786
0.03571

3.40

0.01786

4.00
4.20

0.01786
0.01786

4.60

0.01786
0.01786

4.90
5.00

0.01786

5.53
6.15

0.01786
0.01786

6.30
6.31

0.01786

6.60

0.01786

7.00

0.05357

7.20

0.01786
0.01786
0.01786

7.40

6-65

0.01786

3.00

4.84
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Table 6.3-6.

Sample Ranges and Distributions Used for Irreversible Sorption on Stationary Corrosion
Products (Continued)

Input Name
GoethiteSiteDensity._a
(continued)

HFOSiteDensitya

HFOStrongSites a

ANL-WIS-PA-000001 REV 02

Input Description

HFO site density; discrete
distribution

Percentage of high affinity HFO
sites; discrete distribution

6-66

Range
8.00
8.16
8.38

Distribution
0.01786
0.01786
0.01786

8.59

0.01778

Density (sites nm- 2)
0.56
1.13
1.47
1.58
1.69
1.81
2.03
2.26
2.60
2.71
4.00

Probability Level
0.05263
0.10526
0.05263
0.05263
0.10526
0.05263
0.10526
0.26316
0.05263
0.05263
0.05263

5.65

0.05265

Percentage
0.2000

Prbability Level
0.01263

0.4000
0.4167
0.4348
0.5000
0.5556

0.01010
0.01263
0.01263
0.06313
0.02525

0.6000

0.00758

0.6250

0.01263

0.6667

0.02525

0.7143
0.7692
0.8333
0.8696
1.0000
1.1111
1.2500
1.3043
1.3333
1.4000
1.4286
1.5000
1.5385

0.01263
0.01263
0.01010
0.01010
0.09343
0.02020
0.01768
0.00758
0.02020
0.00253
0.01010
0.03788
0.01010
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Table 6.3-6.

Sample Ranges and Distributions Used for Irreversible Sorption on Stationary Corrosion
Products (Continued)

Input Name
HFOStrongSites_a
(continued)

GoethiteStrongSites.a

ANL-WIS-PA-000001 REV 02

Input Description

Percentage of high affinity
goethite sites; discrete
distribution

6-67

Range

Distribution

1.6667

0.01515

1.8750

0.00758

2.0000
2.0833

0.05303

2.1429

0.00758

2.1739

0.01768

2.3077

0.00758

2.5000

0.08838

2.7778

0.03535

2.9167
3.0000

0.00253
0.01515

3.0435
3.1250

0.00253
0.01768

3.3333

0.03535

3.5000

0.01263

3.5714
3.8462

0.01768
0.01768

3.8889

0.00505

4.0000

0.01010

4.1667

0.00505

4.3478

0.00505

4.3750
4.6667

0.00253
0.00505

5.0000
5.3846

0.06313
0.00253

5.5556
6.0000
6.2500

0.01010
0.00758
0.00505

6.6667

0.01010

7.0000
7.1429

0.00505

7.6923
10.0000

0.00505
0.02778

14.0000
20.0000

0.00253
0.00499

Percentage
8.8
11.5

Probability Level
0.1
0.1

12.4
22.7
23.1

0.1
0.1
0.1

24.7

0.1

0.01768

0.00505
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Table 6.3-6.

Sample Ranges and Distributions Used for Irreversible Sorption on Stationary Corrosion
Products (Continued)

Input Name
GoethiteStrong Sites.a
(continued)

Input Description

Range
26.8
43.9
49.7

Distribution
0.1
0.1
0.1

73.9

0.1

Output DTN: SN0508T0503305.003.

6.3.4.3

In-Package Diffusion Submodel for Commercial Spent Nuclear Fuel Waste
Packages

The objective of this submodel is to compute the effective diffusion coefficient, cross sectional
area for diffusion, and the path length for diffusion of radionuclides in a breached waste package.
From these output parameters, the rate of diffusion of radionuclides from the waste package to
the invert can be determined.
The focus in this submodel is on diffusive releases from CSNF waste packages in no-seep
regions of the repository (where no seepage into the drift or condensation on drift walls occurs).
In a no-seep environment, the water saturation inside the CSNF waste package is computed as a
function of relative humidity. In a seep environment (where seepage into the drift and
condensation on drift walls occur), the water saturation in a CSNF waste package is set to 1.0,
and is not dependent on the relative humidity in the waste package. For HLW packages, the
water saturation is set to 1.0 in both seep and no-seep environments independently of the relative
humidity in the waste package. HLW packages are treated differently from CSNF waste
packages because the hygroscopic nature of HLW glass will result in a comparatively high water
saturation at lower relative humidities than for CSNF.
The fundamental basis of this submodel is that the only liquid water present is the thin film of
adsorbed water that uniformly covers all surfaces exposed to humid air (Assumption 5.5). The
relative humidity inside a breached waste package is assumed to be the same as the relative
humidity in the drift (Assumption 5.5). In this submodel, all dissolution and diffusion of
radionuclides occur in this thin film.
As the steel internal components corrode, the interior of the waste package becomes filled with a
mass of porous corrosion products. Diffusion will occur on the thin water films coating the
surfaces of particles of corrosion products. The extent of corrosion will determine the amount of
corrosion products and, in turn, the amount of adsorbed water that is present, from which the
water saturation is computed. Together with estimates of the porosity, the effective diffusion
coefficient is calculated using Archie's law. A bulk cross sectional area for diffusion is
estimated for each domain, and the length of the diffusion path is a sampled parameter for each
leg of the path from the waste form domain to the corrosion products domain to the invert
domain. The extent of corrosion is taken to vary linearly over the lifetime of the waste package
steels. The amount of water adsorbed is a function of the relative humidity. Consequently, the
rate of diffusive releases varies over time.
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A number of uncertain parameters are associated with this submodel. The lengths of the various
diffusive pathways are uncertain because the location of the failed fuel rods and therefore the
distance from the points of failure to the openings in the waste package outer corrosion barrier
cannot be known. In addition, the surface area available for adsorption of water is uncertain
because the condition of the corrosion products cannot be determined-they may be finely
powdered with a high specific surface, or agglomerate into an impermeable mass with low
specific surface area, all depending on unpredictable circumstances and material behaviors.
6.3.4.3.1

Adsorption of Water Vapor in Commercial Spent Nuclear Fuel Waste
Packages

All surfaces exposed to water vapor will adsorb water. The amount of adsorbed water vapor
depends principally on the nature of the material and the relative humidity. In many cases, the
first layer of water adsorbed is chemically bound to the surface (McCafferty and
Zettlemoyer 1971 [DIRS 154378], p. 239) and is difficult to remove except at high temperatures,
higher than will exist in the repository. Subsequent layers are less tightly bound, being attracted
simply by van der Waals forces to lower water layers. The first few layers of water often form
an ice-like structure with little mobility. As the relative humidity approaches 100 percent, the
outer layers of water begin to behave more like bulk liquid. At 100 percent relative humidity,
bulk condensation of water occurs, forming a liquid phase.
Most metals, except for inert metals such as gold and platinum, form an oxide or oxyhydroxide
surface layer when exposed to oxygen or water. Thus, all metals in a waste package contain a
surface oxide layer on which water adsorption takes place. In the case of Alloy 22, stainless
steel, Zircaloy, and aluminum-metals found in the waste package or waste form-the surface
oxide layer is passivating, where the resistance to oxygen diffusion protects the metal
underneath.
Adsorption isotherms define the amount of water adsorbed as a function of relative humidity or
relative pressure, provided sufficient time is allowed for equilibrium to be achieved. Isotherms
have been measured for powdered samples of some metal oxides found in waste packages, for
example, NiO, Fe 20 3 and other iron (hydr)oxides (oxidized components of stainless steel and
carbon steel), and ZrO 2 (oxidized surface of Zircaloy fuel rods and assembly components).
Figure 6.3-6 presents the adsorption isotherms for Fe20 3, NiO, and ZrO2 as a function of relative
humidity (RH), with the amount of water adsorbed being represented as the number of
monolayers of water present if it uniformly covers the entire surface area of the sample.
Figure 6.3-7 compares water vapor adsorption isotherms for hematite, goethite, and HFO.
Water at solid surfaces varies in nature from a highly structured form on hydrophilic substrates
to a loose, entropic form on more hydrophobic substrates possessing hydrophilic sites (Lee and
Staehle 1994 [DIRS 154380], p. 74). The adsorption of water on solids depends on the capacity
of the surface to orient the water dipoles, usually with the proton outward. Near polar surfaces
of solids such as metal and oxides, the cause of the orientation of water molecules at the interface
could be either hydrogen bonding or dipole-dipole interactions, depending on the chemical
nature of the solid. Depending on the dissimilarity between the ordered (dipole-dipole), induced
structure near the interface and the bulk structure, various thicknesses of the ordered layers are
possible (Lee and Staehle 1994 [DIRS 154380], p. 75).
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The structure of liquid water is considered to consist of unbonded molecules and of molecules
hydrogen-bonded in clusters that have a mean size of about 90 molecules at 0°C (Lee and
Staehle 1994 [DIRS 154380], p. 79). At hydrophilic surfaces, such as most metal oxides, the
structure of water resembles that of ice (McCafferty and Zettlemoyer 1971 [DIRS 154378],
p. 239). This behavior is attributed to the existence of a monolayer in which the adsorbed water
is held rigidly to the solid surface at fixed sites. The first layer is localized by double hydrogen
bonding of a single water molecule to two surface hydroxyls. This highly constrained first layer
relaxes in the next layers, where the water molecules start to possess a rotational degree of
freedom, being singly hydrogen-bonded. The second layer becomes more ordered when
hydrogen bonds to a third layer, and so on, until the ordering effect of the surface is overcome
and bulk liquid layers form farther from the surface. On a hydrophobic surface, such as silica,
different behavior is observed. When half of the surface hydroxyls on silica are occupied by
water, the water starts to agglomerate into clusters instead of adsorbing uniformly over
the surface.
Layers of water adsorbed on an oxide surface can promote lateral ion movement, which sets up
localized electrochemical cells due to inhomogeneities in the underlying metal (Lee and
Staehle 1994, [DIRS 154380] p. 141). Such cells promote localized corrosion. Surface water
dipoles may act to shield oxygen ions from an internal field that promotes ion movement. On the
other hand, the gel-like structure of a metal oxyhydroxide may not support the charge separation
that normally accounts for the field-driven process. Instead, ion movement may take place under
the influence of a concentration gradient. The first layers of adsorbed water often do not contain
ions from the solid (Lee and Staehle 1994 [DIRS 154380], p. 73), which indicates that multiple
water layers are needed in order for solid species (such as radionuclides) to dissolve and diffuse.
As a bounding assumption in the EBS RT Abstraction, it is assumed (Assumption 5.5) that the
adsorbed water film behaves as a bulk liquid in that radionuclides dissolve in this film and that
colloids as well as radionuclides diffuse through it.
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Fe 2 0 3 : Jurinak 1964 [DIRS 154381], p. 486.
NiO: Lee and Staehle 1994 [DIRS 154380], Figure 4.48.
ZrO 2 : Holmes et al. 1974 [DIRS 154379], Figure 3.

Figure 6.3-6. Comparison of Adsorption Isotherms for Water Vapor on Fe 2 0 3 , NiO, and ZrO 2
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Sources:

Micale et al. 1985 [DIRS 173785],
goethite isotherm: Fig. 3;
Koch and Moller 1987 [DIRS 173784], goethite isotherm: Fig. 6,
goethite N2 specific surface area: 71.6 - 73.0 m g 1 (Table 1);
Jurinak 1964 [DIRS 154381],
goethite isotherm: Fig. 6,
goethite N2 specific surface area: 12.0 - 81.5 m2 g-1 (Table I);
Jurinak 1964 [DIRS 154381],
hematite isotherm: Fig. 5 and equation on p. 486,
hematite N2 specific surface area: 9.60 - 9.70 m2 g- 1 (Table I);
Hofmann et al. 2004 [DIRS 173783], HFO isotherm: Fig. 8,
HFO N2 specific surface area: 366.5 m2 g-1 (Table 1).

Figure 6.3-7. Comparison of Adsorption Isotherms for Water Vapor on Goethite and HFO with Isotherm
for Hematite

Although waste package corrosion products are considered to be a mixed assemblage of iron
oxides (see Section 6.3.4.2.1), the properties of hematite (Fe 20 3) are used for calculating the
amount of water adsorbed onto stationary corrosion product surfaces. The justification for using
hematite rather than goethite or HFO is as follows. Figure 6.3-7 shows that the range
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encompassed by the isotherms for goethite and HFO are similar to and almost coincident with
that of hematite to the extent of the experimentally measured data from various sources, which is
limited to about 97 percent RH. Thus, the adsorptive behavior of the three iron oxides is similar,
and any difference in surface area can be ignored. In the vicinity of these higher values of RH,
bulk condensation begins to occur. As the thickness of water layers increases, the surface
properties that give rise to adsorption isotherms become less influential, and adsorbed water
behavior would tend toward bulk water behavior in a generic porous medium rather than in any
specific mineral. Furthermore, HFO will tend to convert to goethite, with concomitant reduction
in specific surface area (Dzombak and Morel 1990 [DIRS 105483], p. 90), so that the quantity of
HFO will be self-limiting. At any point in time, HFO will comprise a fraction of the total
quantity of iron (hydr)oxides (Section 6.3.4.2.1) and is not likely to dominate the corrosion
product assemblage. Therefore, the adsorptive properties of hematite are suitably representative
of the mixed assemblage of iron oxides.
The water adsorption isotherm for hematite (from Figure 6.3-6) is compared with water retention
characteristics of fine-grained soils. While it is difficult to predict the precise nature of corrosion
products in terms of texture and grain size, it is reasonable that corrosion products will
accumulate within the waste package as fine-grained masses of material. As described in
Section 6.3.4.2.1, the in-package degradation products are envisioned to be composed of
unconsolidated particulates and larger agglomerations of clays, iron oxyhydroxides, and other
mineral assemblages that slump to the bottom of the waste package. Any seepage through the
waste package is expected to flow through the sludge at the bottom of the waste package. This
comparison shows that hematite as fine-grained corrosion products exhibits similar water
retention behavior as a fine-grained geologic porous medium and can thus be described in terms
of the behavior of porous media such as soils. Figure 6.3-8 (adapted from Or and Tuller 1999
[DIRS 173799], Figure 5) presents data for clay-dominated soils plotted as water film thickness
as a function of water vapor partial pressure. Water film thickness is a function of the number of
adsorbed water layers. Water vapor partial pressure is proportional to RH; as the partial pressure
approaches the vapor pressure (3169 Pa at 25°C; Lide 1981 [DIRS 162229], p. 6-10), RH
approaches 1.0, and the adsorbed water film thickness increases rapidly, with bulk condensation
occurring when RH = 1.0.
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Or and Tuller 1999 [DIRS 173799], Figure 5.

Figure 6.3-8. Comparison of the Hematite Water'Adsorption Isotherm with Water Adsorption Behavior of
Seven Clay-Dominated Soils

The data points in Figure 6.3-8 represent measured water retention data for seven soils with
varying mixtures of clays (montmorillonite and kaolinite); the upper and lower curves are
functions calculated in Or and Tuller (1999 [DIRS 173799]). The middle curve is the hematite
water adsorption isotherm from Figure 6.3-6 plotted as a function of water film thickness and
water vapor pressure. The water adsorption isotherm for hematite agrees well with empirical
water retention data for clays having a range of compositions. This indicates that the porous
media characteristics of fine-grained hematite and clay are similar.
The waste package corrosion products will begin to adsorb water after the temperature falls
below the boiling point and the RH begins to rise. Information on water adsorption isotherms is
scarce at temperatures above 25°C, although sources indicate that at some higher temperatures
the water sorption isotherm for hematite shows no significant dependence on temperature at a
given RH, and that an adsorption isotherm for 250 C is a good approximation for isotherms for
higher temperatures.
For example, McCafferty and Zettlemoyer 1970 [DIRS 154382]
experimentally determined the entropy of adsorption for water on hematite (a-Fe2 0 3) at several
temperatures and up to RH of about 0.7 at 25°C and 0.5 and at 35°C. Figure 6.3-9 presents the
data of McCafferty and Zettlemoyer 1970 [DIRS 154382] in terms of relative pressure (i.e., RH)
and number of water layers. The low scatter of the data indicates that the isotherm for 35°C
could be extrapolated to higher relative pressure with confidence.
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Figure 6.3-9. Isotherms for Water Vapor on a-Fe 203

Lee and Staehle 1997 [DIRS 104943] investigated the adsorption of water on iron at RH values
up to about 0.95 under humidified air and temperatures ranging from 70 C to 85'C. They
determined that under the experimental conditions an oxide layer formed on the surface of the
iron (Lee and Staehle 1997 [DIRS 104943], pp. 34-5, p. 41). The authors experimentally
determined the increased mass of the samples due to water adsorption using the quartz-crystal
microbalance technique (Lee and Staehle 1997 [DIRS 104943]). They showed that the
measurements of mass increase due to water adsorption were similar for the five temperatures
used, within the scatter of the data; scatter increased with increasing temperature (Lee and
Staehle 1997 [DIRS 104943], Figure 9). The authors concluded that water coverage of one
monolayer thickness was exhibited at 10 percent RH at 25'C, 10 percent RH at 45'C,
and 6 percent RH at 85'C. Furthermore, multilayer adsorption and capillary condensation
occurred as RH increased. Based on the shapes of the isotherms, they concluded that capillary
condensation and filling of pores occurred at all temperatures and RH ranges investigated (Lee
and Staehle 1997 [DIRS 104943]).
The temperature dependence of water retention curves has not been extensively studied but in
recent years has been receiving more attention. The most important physical factors affecting
the capillary pressure (also called matric suction) for a given water content are probably pore
space topology, interfacial tension, and temperature (Bachmann and van der Ploeg 2002
[DIRS 174739], p. 468). In general, an increase in temperature results in a decrease in liquid
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surface tension, which causes a decrease of the contact angle and capillary pressure (i.e., less
negative values) at a given degree of saturation. Further, in most cases, surface tension of a soil
solution is somewhat lower than that of pure water (Bachmann and van der Ploeg 2002
[DIRS 174739], p. 473), and the temperature effect on the surface tension of soil solutions is
larger than for pure water (Bachmann and van der Ploeg 2002 [DIRS 174739], p. 474; Nimmo
and Miller 1986 [DIRS 174124], p. 1112).
Capillary pressure is generally thought to decrease linearly as a function of temperature at a
given volumetric water content. A detailed treatment of this relationship is beyond the scope of
this report, but the following relationships are pertinent to this discussion. The dependence on
temperature and volumetric water content of the capillary pressure due to liquid surface tension
effect may be expressed as (Bachmann and van der Ploeg 2002 [DIRS 174739], p. 474):
Va(T,O o = ao(O)+b(O)T,
0

(Eq. 6.3.4.3.1-1)

where:
0

= volumetric water content (percent)

vl(T,O10 = capillary pressure as function of temperature and volumetric water content
(Pa)
T
= temperature (K)
ao (Pa) and b (Pa K') are fitting parameters.
This leads to a generalized expression for the temperature dependence of capillary pressure
(Bachmann and van der Ploeg 2002 [DIRS 174739], p. 475; Grant and Salehzadeh 1996 [DIRS
174738], p. 266):
VI(T) =

IT,6+T

(T'8

+T

(Eq. 6.3.4.3.1-2)

where:
V/

= capillary pressure at reference temperature, T, (Pa)

T, = reference temperature (K)
flo = a/b.
Equation 6.3.4.3.1-2 may be incorporated into any empirical capillary pressure function (Grant
and Salehzadeh 1996 [DIRS 174738], p. 266). Incorporation into the closed-form equation of
van Genuchten 1980 [DIRS 100610] yields (Bachmann et al. 2002 [DIRS 173887], Equation 7):
O(VI,T)=90r +

+

(Eq. 6.3.4.3.1-3)

where:
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VI(T)

= capillary pressure (Pa)

O(V', T)

= volumetric water content as a function of capillary pressure and temperature
(M 3 m" 3 )

0,

= residual water content (percent)

0s,

= saturated water content (percent)

a (m'-), mn,and ni are fitting parameters.
The results of several investigations of temperature dependence of capillary pressure are
presented below.
Bachmann et al. (2002 [DIRS 173887]), in the course of investigating the effects of temperature
on capillary pressure and angle of contact, studied drying and wetting of three soil types and
determined maximum and minimum saturations as a function of temperature up to 38°C. The
particle sizes were in the sand and silt ranges, in contrast to the soil data from Or and Tuller
(1999 [DIRS 173799]) shown in Figure 6.3-8, which are clay mixtures.
The samples of Bachmann et al. (2002 [DIRS 173887]) included a sand and a silt. The sand
exhibited a temperature dependence of water content at saturation (AO, /AT) (percentoC-1)
of -17.3, and the AO. /AT for silt was -14.0. While the data represent only two samples, the
two values for AO, /AT are in close agreement. These indicate that maximum saturation from
wetting decreases with temperature.
Romero et al. (2001 [DIRS 174022]) conducted a series of experiments with clay samples to
investigate the influence of temperature on the hydraulic properties of fine-grained soils. The
authors adapted vapor equilibrium and axis translation techniques to the measurement of
hydraulic properties of prepared clayey samples at temperatures to 80'C for a range of matric
suctions and water contents.
Samples of clay powder were prepared from natural Boom clay (from Mol, Belgium). Results
from the vapor equilibrium technique at four different temperatures are presented in
Figure 6.3-10. The figure presents the data at total constant suction, V'(MPa), in terms of water
content (for which Romero et al. use the symbol w), and temperature, T (°C). Suction values
of 32 MPa to 6 MPa correspond to RH values of roughly 80 to 97%. The changes in water
content as a function of temperature are small; for V/= 6 MPa and w approximately 12%, AwIAT
was only -0.038 x 10-3 K-1.
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Figure 6.3-10.

Water Content versus Temperature at Four Constant Suction Values

Figure 6.3-11 presents the same data at constant water content, w (percent), in terms of total
suction, V/ (MPa), and temperature, T (°C). Changes in suction with respect to temperature at
constant water content are also relatively small. For w = 11 percent and Vapproximately 7 MPa,
AyAT is only -0.015 MPa K-1. The figure also presents the slopes of AVAT for constant water
content as predicted by surface tension theory. The effect of temperature is greater than surface
tension theory alone would predict. Other investigators of unsaturated soil properties have
reached the same conclusion (Nimmo and Miller 1986 [DIRS 174124]; Hopmans and Dane 1986
[DIRS 174122]; Haridasan and Jensen 1972 [DIRS 174125]).
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Figure 6.3-11.

Total Suction versus Temperature at Six Constant Water Contents

Constantz (1991 [DIRS 174120]) investigated isothermal and isobaric water retention in two
different porous materials, a sand (the Oakley Sand, from Contra Costa County, California, bulk
density 1.77 g cm-3 , porosity 0.34) and a nonwelded tuff core sample (part of the Paint Brush
Tuff, Yucca Mountain, Nevada, bulk density 1.30 g cm- 3, porosity 0.52).
Isothermal water retention tests were conducted at 20'C and 80"C. The author states, "[a]s
expected, measurably less water was held within each matrix at 80'C compared to 20'C, except
near saturation" (Constantz 1991 [DIRS 174120], p. 3167). Figure 6.3-12 shows hysteresis
loops for the two samples generated by cycling the pressure on the samples up and then down at
constant temperature; this procedure was followed at each temperature. The curves illustrate the
small response to temperature at near saturation conditions.
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Figure 6.3-12.

Water Content (Expressed as Fraction, or m3 m 3) versus Matric Potential at 20 0 C and

80'C Hysteresis Curves for a Sand and a Nonwelded Tuff

The isobaric tests were conducted by determining water content at 201C, then 80°C, and then
back to 20'C at constant pressure to effect a drying-wetting cycle. Figure 6.3-13 shows the
results of these tests at four pressures (-3 kPa, -5 kPa, -8 kPa, and -12.5 kPa) for the sand, and
three pressures (-8 kPa, -12.5 kPa, and -26 kPa) for the tuff. The drying part of the cycle, i.e.,
from 20'C to 80'C, results in a significant reduction in water content, particularly at the lower
pressures. However, for the wetting part of the cycle, i.e., from 80'C to 20 0 C, results indicate
that little water was reincorporated into the samples. This is as expected; the gain in water
content from 80'C to 20'C represents only a few percent.
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Figure 6.3-13. Water Content (Expressed as Fraction, or m3 m-3) versus Temperature at Constant
Matric Potential for a Sand and a Nonwelded Tuff
During cooldown after the thermal period, humidity will rise and water will adsorb onto surfaces.
The results of Constantz (1991 [DIRS 174120]) support the thesis that temperature has a small
effect on water content near saturation, i.e., at low suction, high RH conditions.
Experimental studies of water adsorption and soil water retention have been limited to RH values
below about 98%. This is due at least in some cases to difficulties with condensation in the
experimental apparatus. For example, McCafferty and Zettlemoyer (1970 [DIRS 154382]) noted
that their 25°C nins were limited to relative pressures (RH) of about 0.7 due to condensation of
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water vapor in the dosing bulbs. The soils data from Or and Tuller (1999 [DIRS 173799])
presented in Figure 6.3-8 have a maximum RH of about 98%. The Lee and Staehle (1997
[DIRS 104943]) data described above were obtained at maximum RH of about 95%.
The transition from "water layer behavior" to "bulk liquid behavior" begins in the vicinity of the
high RH values at which experimental difficulties with condensation begin to occur. However,
the RH values at which porous media approach saturation are higher, well above 99%. Two
arguments support extrapolation of film thickness-scale water adsorption isotherms to high RH,
with concomitant high saturation and bulk water behavior. First, the goodness of fit shown by
the hematite water adsorption isotherm and the calculated soils isotherms (which are based on
empirical retention curve data), shown in Figure 6.3-8, indicate that water behavior in corrosion
products may be approximated by the water retention behavior of clays. Second, the goodness of
fit of all cited data to similarly shaped isotherms adds confidence to the extrapolation of those
isotherms to the high RH values where more generic porous medium behavior is exhibited.
6.3.4.3.2

Hematite Water Vapor Adsorption Isotherm

The isotherm for adsorption of water onto at-Fe 20 3 , a form of hematite, has been extensively
measured and reported in the literature (McCafferty and Zettlemoyer 1970 [DIRS 154382];
Jurinak 1964 [DIRS 154381]). Jurinak (1964 [DIRS 154381], p. 486) provides a functional
relationship for the coverage (i.e., number of monolayers of water adsorbed) as a function of
relative humidity based on the Frenkel-Halsey-Hill (FHH) equation for multilayer adsorption:
log. 0 (p

p, =

(Eq. 6.3.4.3.2-1)

where
p, = partial pressure of water (Pa)
pO
k
s
V

=
=
=
=
V,, =

vapor pressure of water (Pa)
FHH adsorption isotherm fitting parameter (dimensionless)
FHH adsorption isotherm fitting parameter (dimensionless)
volume of water vapor adsorbed at reference conditions (mi3 H20 kg-1 Fe 20 3)
volume of adsorbed water vapor that provides a one-monolayer coverage on the
surface (mi3 H 20 kg-' Fe 20 3).

The ratio of water vapor partial pressure to vapor pressure, sometimes referred to as the relative
pressure, is the relative humidity (RH). The ratio of V to V,, is the number of monolayers of
water (i.e., the number of layers of individual water molecules) adsorbed on the surface,
assuming complete and uniform coverage. Letting 0a = V / Vp, and RH = p,,/ p,, and making
use of the relationship to convert base 10 logarithms to natural logarithms
(log1 0 RH = log,0 e InR! = lnRH logl 0 e), Jurinak's correlation may be written in general terms
with parameters k and s:
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ln(RH)

or

=

k

(Eq. 6.3.4.3.2-2)

0I log o0 e

k e[-

(Eq. 6.3.4.3.2-3)

ln(RH)]-l1S.

For Fe 20 3, k= 1.1 and s = 2.45 (Jurinak 1964 [DIRS 154381], p. 486):
ln(RH) = -2.530241

(Eq. 6.3.4.3.2-4)

0,, = 1.46[- ln(RH)]-0' 4°8

(Eq. 6.3.4.3.2-5)

or

This isotherm is plotted in Figures 6.3-6 and 6.3-8.
Adsorption isotherms for goethite and HFO are shown in Figure 6.3-7 along with the isotherm
for hematite from Jurinak. The isotherms for goethite and HFO are similar to the isotherm for
hematite, which indicates that the hematite isotherm is suitable for representing the water
adsorption behavior of the mixed assemblage of iron oxides that comprises the waste package
corrosion products. For HFO, the amount of adsorbed water does not increase any further at
high RH values; Hofmann et al. (2004 [DIRS 173783], p. 170) explain this by stating that the
external surface area of the HFO aggregates is almost negligible.
The average thickness of a monolayer of water can be computed from the cross-sectional area of
a water molecule. Values reported in the literature for the cross-sectional area of a water
molecule range from about 10.5 A2 (Gregg and Sing 1982 [DIRS 153010], p. 188),
corresponding to a "close-packed" monolayer of water, to 10.8 A2 (Jurinak 1964 [DIRS
154381]). Holmes et al. (1974 [DIRS 154379], p. 368) and McCafferty and Zettlemoyer (1970
[DIRS 154382], p. 453) assume a cross-sectional area of the water molecule of 10.6 A2 . In this
report, a value for the cross-sectional area of a water molecule of A., = 10.6 A2 per molecule
(McCafferty and Zettlemoyer 1970 [DIRS 154382], p. 454) is used. Using a water density at
25°C of p,, =997.0449 kg m- 3 (Weast 1985 [DIRS 111561], p. F-5), the thickness of a water
monolayer film, tf, is:
MV
fA),P,pvNA

18.01528x10-

3

x 0997.0449
m
.10.6
ci

molec

kg
mol
6.02214199x

(Eq. 6.3.4.3.2-6)
moxec•
102

mol

=2.83x10-'0 m,
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where NA is Avogadro's number (Lide 2002 [DIRS 160832], p. 1-7), and M", is the molecular
weight of water (kg mol-F). Using a water molecule cross-sectional area of 10.8 A2 would have a
negligible effect, giving a monolayer thickness of 2.78 x 10-'0 m.
At 50'C, the density of water is 988.0363 kg m- 3 (Weast 1985 [DIRS 111561], p. F-5) and the
adsorbed water monolayer thickness is 2.86 x 10-10 m, which shows that the monolayer
thickness sensitivity to temperature is small.
6.3.4.3.3

Specific Surface Area of Metal Oxides

Values for the specific surface area of cc-Fe 20 3 (hematite) shown in Table 6.3-7 range
from 1.8 to 21.4 m2 g-1. At the low end is "natural" hematite, with a specific surface area
of 1.8 m2 g- (Langmuir 1997 [DIRS 100051], Table 10.2). At the high end is a sample of Fe 203
used in an analysis of its catalytic activity (Briand et al. 2001 [DIRS 161617], Table 4).
Morimoto etal. (1969 [DIRS 162877], Table I) and Tamura etal. (1999 [DIRS 161625],
Table 1) each report two values for Fe 20 3 samples prepared by different methods that differ by
factors of 1.5 and 2.8, respectively. These results illustrate how the method of preparation can
have a large effect on the specific surface area of a material. Gregg and Sing (1982
[DIRS 153010], p. 188) report surface area measurements of a material identified only as "iron
oxide" by mercury porosimetry and by nitrogen adsorption.
Jurinak (1964 [DIRS 154381], p. 480) measured surface area of Fe 2O3 by nitrogen adsorption
ranging from 9.60 to 9.70 m2 g-, whereas water adsorption surface areas ranged from
6.52 to 9.10 m2 g-1. It was concluded that about one-third of the Fe 20 3 is covered with
chemisorbed water that, unless removed by activation (i.e., heating to at least 425'C), blocks
water adsorption sites on the surface. The latter value (9.10 m2 gC) is used in sample
calculations in the EBS RT Abstraction, because it is consistent with the water adsorption
isotherm of Jurinak that is used. The value of 10.0m2 g reported by McCafferty and
Zettlemoyer (1970 [DIRS 154382], p. 453) is close to that of Jurinak and is consistent with their
water adsorption isotherm, which is used in Section 7.2.1 to corroborate the isotherm of Jurinak
(1964 [DIRS 154381]).
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Table 6.3-7.
Specific Surface Area (M2 g- 1)
1.8

Specific Surface Area of Fe 20 3

Source
Langmuir 1997 [DIRS 1000511, Table 10.2 (natural hematite)

3.1
5.60

Langmuir 1997 [DIRS 1000511, Table 10.2 (synthetic hematite)
Tamura et al. 1999 [DIRS 1616251, Table I (Grignard method)

9.1

Jurinak 1964 [DIRS 1543811, p. 480

10
13.3-14.3

McCafferty and Zettlemoyer 1970 [DIRS 154382], p. 453
Gregg and Sing 1982 [DIRS 153010], Table 3.17

14.5

Morimoto et al. 1969 [DIRS 162877], Table I (treated at 250°C; from
calcinations of FeSO 4.7H 20)
Tamura et al. 1999 [DIRS 161625], Table 1 (NaOH method)

15.9

Morimoto et al. 1969 [DIRS 162877], Table I (treated at 2500C; from
calcinations of a-FeOOH)
Briand et al. 2001 [DIRS 161617], Table 4

21.2
21.4

The specific surface areas of some other waste package component corrosion products are shown
in Table 6.3-8 for comparison with hematite. Except for the iron oxyhydroxides (goethite and
HFO), which can have exceptionally large specific surface areas, most corrosion products exhibit
adsorption characteristics similar to those of hematite.
Table 6.3-8.

Specific Surface Area of Various Waste Package Corrosion Products

Corrosion

Product
Goethite
HFO
Cr20

3

NiO

Specific Surface
Area (n 29- 1)
14.7-110
600

See Table 4.1-10
Dzombak and Morel 1990 [DIRS 105483],
Table 5.3

3.0

Briand et al. 2001 [DIRS 1616171, Table 4

1.09

Tamura et al. 1999 [DIRS 161625], Table 1

12.0
1.1

Nagao et al. 1995 [DIRS 162878], p. 222
Briand et al. 2001 [DIRS 1616171, Table 4

22.4

Matsuda et al. 1992 [DIRS 154383], p. 1839
[for NiO(Il)]
Briand et al. 2001 [DIRS 1616171, Table 4
Briand et al. 2001 [DIRS 1616171, Table 4
BSC 2004 [DIRS 172453], Table 6-9 (Group
8b)

CoO
MoO 3

0.4
5.0

U0 2

0.4

(SNF)
TiO 2
ZrO2
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Source

9.94
14.5

Morimoto et al. 1969 [DIRS 162877], Table I
Holmes et al. 1974 [DIRS 154379], p. 368;
average of 2 values

39.0

Briand et al. 2001 [DIRS 1616171, Table 4
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Interior Surface Area, Volume, and Porosity of 21-PWR Waste Package

6.3.4.3.4

U

The internal surface area of an as-emplaced waste package (i.e., in an undegraded state)
containing CSNF can be approximated given the dimensions and numbers of fuel rods, baskets,
side guides, and other support components. Since the surface area will increase by orders of
magnitudes as the waste package components degrade, the initial surface area is useful only as a
bounding value, but one that can be estimated accurately (unlike the surface area of corrosion
Typical measurements for a 21-PWR waste package are used (BSC2004
products).
[DIRS 169472], Table 1). The surface areas of fuel assembly spacer grids and end connections
are ignored. The total internal surface area of a 21-PWR waste package as emplaced is
approximately 1061 m2. The surface area of basket components is computed as shown in
Table 6.3-9 (footnote h) by dividing the total mass of each component by the density of the
material (which gives the volume of material), then dividing by the thickness of the component.
This results in the area of component material as though it were a plate, ignoring the area of
edges. To account for both sides of the component being exposed to air and able to adsorb
water, the area is multiplied by two.
The calculation of pore volume for a CSNF waste package is also summarized in Table 6.3-9.
From these results, the initial porosity of a 21-PWR waste package is 5.62/9.62 = 0.58.
Table 6.3-9. Characteristics of a 21-PWR Waste Package
oty. DI Mass b
Component
Fuel Rods
Basket Side Guide
Basket Side Guide Stiffener
Basket End Side Guide
Basket End Guide Stiffener
Basket Comer Guide
Basket Corner Guide Stiffener
Fuel Basket A-Plate
Fuel Basket B-Plate
Fuel Basket C-Plate
Fuel Basket D-Plate
Fuel Basket E-Plate
Basket Tube

Dimensions a
0.94996 cm OD c;
384.962 cm length c
9.525 mm thickness
9.525 mm thickness
9.525 mm thickness
9.525 mm thickness
9.525 mm thickness
9.525 mm thickness
7 mm thickness
7 mm thickness
7 mm thickness
6.35 mm thickness
6.35 mm thickness
4,572 mm length';
231.648 mm interior
dimension k;
241.173 mm exterior

WPb

5,544

(kg)
-

Density

Total

Total

Surface2

Volume]

(kg m-A) Area (M )

636.93

-

Žm3

1.513

7 ,8 5 0 d

2 7. 9-9

7 ,8 5 0 d
7 , 8 50 d

2 .3 6 "
17 . 16 h

0.051
0.003
0.133
0.011
0.082

7 ,8 5 0 d

1 .7 7 h

0.008

7,760e
7,760e
7,760e
2,700k
2,700'

2 5 .5 7 h
2 5 .5 7 h
2 6 .9 8 h
2 5 .57 h
2 5 .5 7 h

0.089
0.089
0.094
0.081
0.081

16
32
32
64
16
32
8
8
16
8
8

24.9
0.615
32.7
1.38
40.1
2.07
86.8
86.8
45.8
27.4
27.4

7 ,8 5 0 d

21

159

7 ,8 5 0 d

1

9,920

1

739

7 ,8 5 0 d

1 0 .6 6h
0 .5 3 "

181.59

0.425

g

49.10

1.243

7 ,9 8 0 g

3.37

0.093

7 ,9 8 0g

0.59

0.004

dimension m

Inner Vessel,
including Lower Lid

Inner Lid
Interface ring

1.4859 m IDk;
1.5875 m OD k;
4.5847 m cavity length'
0.0508 m thickness"
1.4859 m vessel ID k

0.0508 m thickness n
1.5875 m OD k;
0.0302 m thickness n

1

35.6

7 ,9 8 0

0.0302 m estimated width o
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Table 6.3-9.

Component
Spread Ring

Characteristics of a 21-PWR Waste Package (Continued)
Qty. in
WP b

Dimensions
1.4859 m ID n;
0.0222 m thickness n
0.0302 m width n

1

Massb
(kg)
25.5

Total
Surface2
Density
(kg m ) Area (m )
7 ,9 8 0g

Total
Volumes
3
(m)

0.56

0.003
I

1,061

Total Surface Area
Total Volume'
Total Solids Volume

-

-

9.622
4.005

Total Void Volume
_5.617
a Thicknesses from BSC 2004 [DIRS 169472], Table 2.
b Quantity (number) and mass of components in a 21-PWR waste package from BSC 2004 [DIRS 169472], Table 2.
c DOE 1992 [DIRS 102588], Volume 1, p. 2A-30. 264 rods/assembly. W1717WL chosen as average assembly.
d ASTM A 20/A20M-99a [DIRS 147578] (A 516 carbon steel).
e KOgler 1996 [DIRS 107760], p. 17 (Neutronit A 978).
' ASTM G 1-90 [DIRS 103515], p. 7, Table X1.1 (Al 6061).
g ASTM G 1-90 [DIRS 103515], p. 8, Table X1.1 (316 stainless steel).
h Surface Area = 2mN/(pAx); m = mass (kg); N = quantity; p = density (kg m-3); Ax = thickness (m); "2"
accounts for
2 sides of a plate; edges ignored.
Volume enclosed by Alloy 22 outer corrosion barrier having an inside diameter of 1.597 m (BSC 2004
[DIRS 166953], Section B-B) and inside length of 4.80374 m = 5,024.4 mm (total length, BSC 2004
[DIRS 166953], Section A-A) -25.4 mm (lid lifting device thickness, BSC 2004 [DIRS 167394], Detail C) 101.6 mm (bottom skirt, BSC 2004 [DIRS 167394], Detail B) -25.4 mm (top outer lid thickness, BSC 2004
[DIRS 167394], Detail A)- 25.4 m (bottom outer lid thickness, BSC 2004 [DIRS 167394], Detail B)- 30.16 mm
(middle lid to outer lid gap, BSC 2004 [DIRS 167394], Detail A) - 12.7 mm (middle lid, BSC 2004 [DIRS 167394],
Detail A).
J Except for fuel rod volume, Volume = mN/p. See footnote h for nomenclature.
" BSC 2004 [DIRS 166953], Section B-B.
BSC 2004 [DIRS 166953], Section A-A.
mOutside dimension = inside dimension + 2 x thickness = 9.12 in. (BSC 2004 [DIRS 166953], Section B-B) +
2 x 3/16 in(BSC 2004 [DIRS 169472], Table 2) = 231.648 mm + 2 (4.7625 mm) = 241.173 mm.
n BSC 2004 [DIRS 167394], Details A and B.
0 Estimate based on apparent square cross section in BSC 2004 [DIRS 167394], Detail B.
ID = inside diameter; OD = outside diameter; WP = waste package.

An estimate of the waste package porosity in a fully degraded state can be obtained using the
total potential equivalent mass of Fe 20 3 in a 21-PWR from the corrosion of non-SNF

components as shown in Table 6.3-4. Using the density of Fe 20 3 of 5240 kg mr 3 from Weast
(1985 [DIRS 111561], p. B-104), the 19,440 kg equivalent mass of corrosion products from the
iron comprising the steel internal components has a volume of:
19440kgFe 2 0 3 =3.710 m 3 Fe 2 0 3 .

(Eq. 6.3.4.3.4-1)

5240 kg Fe 2 03
m 3 Fe 203

The internal volume of a 21 -PWR waste package outer corrosion barrier, with an inside diameter
of 1.597 m and length of 4.8037 m, is 9.622 m. (from Table 6.3-9). The 5,544 fuel rods have a
total volume of 1.513 in 3 . Then the void volume that can be occupied by corrosion products
is 8.109 in 3 , and the bulk porosity of the corrosion products, if distributed throughout the interior
of the waste package, is I - (3.710/8.109) = 0.54. The bulk porosity of the fully degraded
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internal components within the waste package outer corrosion barrier, where the solids consist of
the fuel rods and Fe 2 0 3, is 1 - (3.710 + 1.513)/9.622 = 0.46.
Another approach to estimating the waste package porosity in a fully degraded state includes the
nonferrous constituents of the steel components, which are not included in the 19,440 kg of
Fe2 0 3 corrosion products in a 21-PWR in Table 6.3-4. The mass of these constituents in
a 21-PWR is 4,920 kg (from Table 6.3-4). As seen in Table 4.1-14, the bulk of the nonferrous
constituents is chromium and nickel, which comprise 18 percent and 14 percent, respectively,
of 316 stainless steel (DTN: M00003RIB00076.000 [DIRS 153044]), so the nonferrous portion
can be approximately considered to be composed of just these two metals, proportioned
as 56 weight percent Cr and 44 weight percent Ni. These metals will corrode to form Cr20 3 ,
having a density of 5,220 kg/m3 (Lide 2000 [DIRS 162229], p. 4-54) and a molecular weight
of 0.151990 kV/mol (Lide 2000 [DIRS 162229], p. 4-54), and NiO, having a density
of 6,720 kg/mi (Lide 2000 [DIRS 162229], p. 4-75) and a molecular weight of 0.074692 kg/mol
(Lide 2000 [DIRS 162229], p. 4-75).
These two metals, when fully oxidized, will
occupy 1.181 m3 of volume within the outer corrosion barrier. Then the bulk porosity
of the fully degraded internal components within the waste package outer corrosion
barrier, where the solids consist of the fuel rods, Fe 20 3 , Cr 20 3 , and NiO, is:
I - (3.710 + 1.513 + 1.181)/9.622 = 0.33. The porosity of corrosion products themselves, Fe 20 3,
Cr2 0 3 , and NiO distributed among the fuel rods, is: I - (3.710 + 1.181)/8.109 = 0.40.
The various approaches in this section to estimating the bulk porosity of waste package corrosion
products result in porosities ranging from 0.33 to 0.54. For comparison, the porosity of
unconsolidated geologic materials ranges from 0.25 to 0.70 (Freeze and Cherry 1979
[DIRS 101173], Table 2.4).
Lamination and flaking of corrosion products is expected to redistribute this material within the
waste package pore space (Knight 1982 [DIRS 106733], p. 50), rather than leave it uniformly
distributed throughout the waste package void volume. If the oxide settles to the bottom of a
waste package, the physical geometry of the granular iron oxide that has settled can be
represented by that of tightly packed sand, which has a solid content of 58 percent (Brown and
Richards 1970 [DIRS 131479], Table 2.2), or a porosity of 0.42 (CRWMS M&O 1997
[DIRS 102824], p. 29). This value (0.42) for corrosion products porosity within a waste package
has been used in criticality studies (CRWMS M&O 1997 [DIRS 102824], p. 29) and in an
independent performance assessment of the Yucca Mountain repository (EPRI 2000
[DIRS 154149], p. 6-21 to 6-22). A porosity of 0.4 has been used in other criticality studies
(YMP 1998 [DIRS 104441], p. C-23 to C-25) and in a model of diffusive releases from breached
waste packages (Lee et al. 1996 [DIRS 100913], p. 5-67). Although some uncertainty exists and
small-scale variability is likely, for the waste package as a whole, a fixed value of 0.4 is used for
the porosity of corrosion products in TSPA-LA.
The calculations just discussed do not account for water adsorbed on the spent fuel itself because
this water constitutes the "rind" water (i.e., water in the conceptual waste form domain). The
rind water does not directly affect diffusion to the exterior of the waste package because the fuel
is the source, rather than part of the corrosion products that comprise the diffusive path to
the exterior.
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The surface area inside a waste package can be computed as a function of time, if the
degradation rates of the basket components and the stainless steel inner vessel are known. The
calculation is complicated by the different compositions of each component of the waste
package. Spatial variability in degradation rates due to variations in accessibility to water vapor
further complicate the picture. However, an average corrosion rate for a 21-PWR waste package
provides a reasonable approximation from which surface areas and quantities of adsorbed water
can be computed.
The complete degradation of a 21-PWR waste package gives an estimated upper bound on the
surface area available for adsorption. The total amount of Fe2 0 3 in a 21-PWR waste package
(from Table 6.3-4) is 19,440 kg Fe2 0 3. Using a specific surface area of 9.1 m2 g-_ for the oxide
(Jurinak 1964 [DIRS 154381], p. 480), the estimated upper bound for total surface area for
adsorption in a 21-PWR waste package is 1.8 x 108 m 2/package.
The corrosion rates for the two types of steel are known with some uncertainty, as shown by the
and for stainless
steel
in Table 4.1-1
for carbon
steel
data presented
(DTN: MO0409SPAACRWP.000 [DIRS 172059]). The data set used is for corrosion rates at
60'C in simulated dilute well J-13 water. The average corrosion rate for carbon steel is
77.43 tm yr-, with a standard deviation of 8.83 pm yr-' (DTN: MO0409SPAACRWP.000
An empirical cumulative distribution function developed in
[DIRS 172059]).
DTN: MO0409SPAACRWP.000 [DIRS 172059] is used for parameter CSCorrosionRate to
be sampled in TSPA-LA. The TSPA-LA implementation in GoldSim requires that the
cumulative distribution functions (CDFs) cover the entire range of probabilities of 0.0 to 1.0. To
accommodate this, another row for the zero-th percentile is added using a corrosion rate that is
slightly lower than the minimum in the empirical cumulative distribution function (ECDF); this
row is 65.76 jim yr-' and zero probability.
The mean corrosion rate for Stainless Steel Type 316L is 0.248 pm yr- , with a standard
deviation of 0.146 pm yr-1 (DTN: MO0409SPAACRWP.000 [DIRS 172059]). The data set
used is for corrosion rates in fresh water for the temperature range of 50'C to 100'C. An ECDF
developed in DTN: MO0409SPAACRWP.000 [DIRS 172059] is used for parameter
SSCorrosionRate to be sampled in TSPA-LA. As with carbon steel, the TSPA-LA
implementation in GoldSim requires that the CDFs cover the entire range of probabilities
of 0.0 to 1.0. To accommodate this, another row for the zero-th percentile is added using a
corrosion rate that is slightly lower than the minimum in the ECDF; this row is 0.03699 pim yr'
and zero probability.
From these rates and the thicknesses of the steel components, the lifetime of each type of steel is
computed. From Table 6.3-4 above, carbon steel comprises about one-third of the total mass of
steel in a CSNF waste package (30 percent in a 21-PWR; 33 percent in a 44-BWR). Based on
this fraction, the surface area is interpolated over time. The implementation of this interpolation
scheme in TSPA-LA is presented in Section 6.5.3.2.
Although this interpolation provides a reasonable means for approximating the surface area of
the interior of a waste package over time as it degrades, there is still uncertainty as to the actual
surface area. The corrosion rates themselves are uncertain. In addition, many factors affect the
surface area of the corrosion products. The chemical and physical conditions under which
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corrosion takes place impacts the morphology of the corrosion products. Seismic occurrences
and collapse of the internal components as they degrade will affect the surface area. The
hematite samples used in adsorption isotherm measurements are typically finely ground and
highly purified, and have a higher specific surface area than typical corrosion products. At the
same time, the morphology of corrosion products inside a waste package over the course of
thousands of years is uncertain so specific surface areas higher than purified hematite
are possible.
Therefore, when the surface area of the corrosion products is computed, it is justifiable to factor
in this uncertainty by using a sampled specific surface area for corrosion products, ranging
from 1.0 m2 g-' to 22 m2 g-1, which encompasses the range of measured specific surface areas of
hematite listed in Table 6.3-7. This range is large enough to reflect the uncertainty in the
condition of the corrosion products. It reflects the uncertainty observed in measurements of the
specific surface area of hematite (Table 6.3-7), as well as the fact that iron oxides do not adhere
to the metal surface and may slough off in a finely divided state. Swelling as oxygen is
incorporated into the crystal structure may provide a mechanism for breaking up the corrosion
products more finely. Under certain conditions, iron oxyhydroxide colloid particles (0.001
to I ýtm) having a potentially
enormous
surface
area (up
to 720 m2 g-';
DTN: SN0309T0504103.010 [DIRS 165540]; BSC 2004 [DIRS 170025], Section 6.3.3.2) may
form in the waste package (BSC 2004 [DIRS 170025], Section 6.3.1.3). At the same time, in
such a static environment as an enclosed waste package, where, as is the case here, no water is
flowing through the waste package to stir up or erode the corrosion products, it is unlikely that
such finely divided materials will form. The range attempts to account for the absence of
mechanisms that actively break up the mass of corrosion products, the lack of water with which
to suspend and move particles apart, and the possibility that swelling against enclosures may
agglomerate particles into low-surface-area masses.
6.3.4.3.5

Diffusion Coefficient in Corrosion Products

The rate of diffusion of radionuclide species i, q, (kg i s-1), through corrosion products to the
exterior of a waste package is given by:

Ac,

ax

(Eq. 6.3.4.3.5-1)

where
D,=
=
S,,,
A
C =
x =

effective diffusion coefficient (in 2 s-1)
porosity (M 3 void volume m- 3 bulk volume)
water saturation (m3 water volume m-3 void volume)
cross-sectional area of the diffusive pathway (m2)
concentration of the radionuclide (kg m73 )
length of the diffusive pathway (in).
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The effective diffusion coefficient, D,, as defined and used in this section, implicitly includes the
effects of tortuosity. The area used for TSPA-LA calculations depends on the scenario class and
is presented in Section 6.5.3.1. The length of the diffusive path is also variable because the
radionuclide sources may develop at random locations within a waste package, and the path
length will depend on the geometry of the film connecting the source to a breach. Finally, the
effective diffusion coefficient itself depends on the complex interactions of source term
composition, water chemistry, porosity, water saturation, and temperature, none of which can be
characterized in a deterministic fashion. Thus, each term in the above equation-A, Ax, and
parameters affecting D, and S,--needs to be sampled or specified for each modeling case, and
a reasonable range and distribution for each has to be determined. All terms are interrelated
through the geometry used for the waste package interior, and all are effectively a function of
relative humidity and time.
In CSNF waste packages, the water saturation in the corrosion products is set to 1.0 in a seep
environment. In a no-seep environment, the effective water saturation in the corrosion products
in CSNF waste packages results from adsorbed water, as described in the rest of this section. In
CDSP waste packages, the water saturation in the corrosion products is set to 1.0 in both a seep
and no-seep environment.
Archie's law, discussed in Section 6.3.4.1.1, gives the diffusion coefficient as a function of
porosity and saturation in a partly saturated, granular medium as:
OS,,Ds = D0•

(Eq. 6.3.4.3.5-2)

IV

where Do is the free water diffusion coefficient (m2 s-I). The diffusion coefficient D, again is an
effective value that implicitly includes the effect of tortuosity in a porous medium. The
exponents in Archie's law are typical values, and will vary for different materials (Bear 1988
[DIRS 101379], p. 116). Whereas exponents of 1.863 are used for invert materials, based on
experimental measurements of diffusion coefficients for crushed rock, the typical values
(1.3 and 2) are used throughout this section to estimate in-package diffusion coefficients for
corrosion products.
The effective water saturation within the corrosion products, S.e~cp, can be obtained as a
function of RH by dividing the water volume by the pore volume of the corrosion products. The
water volume is given by the adsorbed water film thickness multiplied by the surface area
covered by water. The film thickness is if0,, where tf is the thickness of a water monolayer
(Equation 6.3.4.3.2-6), and 0a is the number of monolayers of coverage, a function of RH. The
porosity of corrosion products is Ocp.
The surface area of the corrosion products
SCP

=

(M 2

Fe 20 3), given by:

lflcPScP

= PFroVCPYCP
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In this equation, mcp is the mass of corrosion products (kg Fe 20 3), SCp is the specific surface
area (mi2 kg-I), pFOx is the solid density of Fe 20 3 (kg Fe 20 3 M- 3), and Vcp the pore volume of
the corrosion products (in3 ). The factor (I- 0cp)/•cp is the ratio of solids volume to void
volume within the bulk volume of corrosion products, which is multiplied by P0F0ocp to give
the mass of solids, mcv. The ratio of surface area to pore volume of the corrosion products can
be expressed as:
=P

r,
-

( l&P

(Eq. 6.3.4.3.5-4)

Using a solid density for Fe2 0 3 of PFeOX =5,240 kg M- 3 (Weast 1985 [DIRS 111561], p. B-104),
the monolayer thickness (tf) of 2.86 x 10-10 m (from Equation 6.3.4.3.2-6) with the density of
water at 50'C (p,,) of 988.0363 kg m 3 (Weast 1985 [DIRS 111561], p. F-5), the number of
monolayers of water (0a,) given by Equation 6.3.4.3.2-5, the specific surface area of corrosion
products (Scp) in units of M2 kg-', and a porosity for corrosion products (qcp) of 0.4
(Section 6.3.4.3.4), the effective water saturation of the corrosion products is given by:
S..- CP= scP t 0

VCP
-

PFeOXSCPIf(1-

cP

.46[- ln RH]-/2'45)

(Eq. 6.3.4.3.5-5)

-3.28 x 106 •p(- In RH)- 2'45 .
Table 6.3-10 gives values of S,.ecp for a range of RH values to show some typical values that
can be obtained using properties of Fe20 3 (porosity of 0.4 and specific surface area ranging from
1,000 to 22,000 M2 kg-1) as well as properties of goethite and HFO (porosities up to 0.7 and
specific surface areas up to 600,000 m 2 kg•').
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Table 6.3-10. Values of Effective Water Saturation and Diffusion Coefficient in Corrosion Products from
Equations 6.3.4.3.5-5 and 6.3.4.3.5-6, Respectively, over a Range of Relative Humidities
for Various Specific Surface Areas and Porosities

NOTE:

Because the effective water saturation given by Equation 6.3.4.3.5-5 is unbounded as RH approaches
1.0, values of Swe,cp > 1.0 can result, which is physically unrealistic; values of Swecp > 1.0 are truncated
to 1.0.

~6SWD

___________

(M2 S-)_

_

_

_

_

_

S-, = 1000 m2 ko-1

RH

cp = 0. 4

0.1
0.5

3.8 x 10-1'

6.4 x 10-16

1.8 x 10-12

3.1 x 10-13

3.8 x 10-f

6.4 x 10-12

7.0 x 10-10

2.3 x 10-10

1.0 x 10- 14

1.7 x 10-f

4.9 x 10-12

8.3 x 10-13

1.0 x 10-10

1.7 x 10-11

7.0 x 10-10

15

12

kcp = 0. 7

cp= 0.4

cp = 0.7

cp= 0. 4

cp = 0. 7

cp = 0.4

6

cp = 0. 7

0.8

2.6 x 10-14

4.3 x 10-

1.2 x 10-11

2.1 x 10-

2.6 x 10-10

4.3 x 10-11

7.0 x 10-l

6.2 x 10-10
1.4 x I0-8

0.9

4.7 x 10-14

8.0 x 10-15

2.3 x 10-11

3.9 x 10-12

4.7 x 10-1

8.0 x 10-11

7.0 x 10-1

1.4 x 10-9

0.95
0.98

8.5 x 10-14
1.8 x 10-13

1.4 x 10-14

4.1 x 10-11
8.8 x 10-11

6.9 x 10-12
1.5 x 1011

7.0 x 10-10
7.0 x 101O

1.4 x 10-1

7.0 x 10-10
7.0 x 10-10
7.0 x 10-1o

1.4 x 10-9
1.4 x 10-9

0.99

3.2 x 10-13

3.1 x 10-14
5.4 x 10-14

1.6 x 10-1°

2.6 x 1011

7.0 x 10-10

3.1 x 10-10
5.4 x 10-1°

0.999

2.1 x 10-12

3.6 x 10-13

7.0 x 10-1°

1.7 x 10-1°

7.0 x 10-10

3.6 x 10-9

7.0 x 10-1°

1.4 x 10-9

0.9999

1.4 x 10-11

2.3 x 10-12

7.0 x 10-1°

1.1 x 10-'

7.0 x 10-10

2.3 x 10f

7.0 x 10-10

1.4 x 10-9

1.4 x 10-9

I te ettective littusion coetticient for the corrosion products based on Archlle's law and using
the effective water saturation from Equation 6.3.4.3.5-5 is a function of time-dependent RH and
the sampled specific surface area of corrosion products:
"S,
(4'['
P,=
0
ne,CP
= (0.4)" 3[3.2 8 x 10-637cp (_ In RH)-12'451 Do
=

3.27

(Eq. 6.3.4.3.5-6)

O-'2 "•(,l In RH)-°8 '6 D,.

Table 6.3-10 gives values of fS,,D., for a range of RH values to show some typical values that
can be obtained using properties of Fe 2 0 3 (porosity of 0.4 and specific surface area ranging from
1,000 to 22,000 m 2 kg-') as well as properties of goethite and HFO (porosities up to 0.7 and
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specific surface areas up to 600,000 m 2 kg'). For values of S-cp and RH that result in effective
water saturations greater than 1.0 in Table 6.3-10, the effective diffusion coefficient is obtained
using the first line of Equation 6.3.4.3.5-6 with S,epc = 1.0.

For additional comparisons using RH = 0.95, 0 = 0.4, and -cp = 9.1 x 103 m2 kg-1 as an
example, and with the self-diffusion coefficient for water (Section 6.3.4.1) of
Do = 2.299 x 10-9 m2s-1, the effective diffusion coefficient for the corrosion products using
Archie's law (Equation 6.3.4.3.5-6) is OSwDs = 7.03 x 10-12 m 2 s-I (where S,, = 0.100, from
Equation 6.3.4.3.5-5). For the range of porosities of geologic media, 0.25 to 0.7 (Freeze and
Cherry 1979 [DIRS 101173], p. 37), lSwDs ranges from 1.53 x 10-11 m2 s-1 to
1.19 x 10-12 m 2 s-1 using RH= 0.95 and Ycp = 9.1 x 103 m 2 kg-'.
The diffusion coefficient for the corrosion products and waste form domains is not modified for
temperature as it is for the invert diffusion coefficient (Section 6.3.4.1.2). As shown in
Figure 6.3-5, the diffusion coefficient can increase by a factor of 4 from 25'C to 100IC. Not
including this factor is justified in part because some uncertainty in the corrosion products
diffusion coefficient is accounted for by the dependence on specific surface area
(Equation 6.3.4.3.5-6), an uncertain parameter that ranges from 1,000 to 22,000 m2 kg-1. Thus
the corrosion product diffusion coefficient varies by more than two orders of magnitude due to
the uncertainty in specific surface area alone; the temperature effect is small in comparison. In
addition, not accounting for temperature is partially compensated for by the use of the selfdiffusion coefficient for water rather than radionuclide-specific diffusion coefficients. For
comparison, the self-diffusion coefficient for water is a factor of 1.5 greater than that of TcO 4
(1.48±0.01 x 10-5 cm 2 s-1 at 25 0 C; Mills and Lobo 1989 [DIRS 138725], p. 105) and 1.1 greater
than that of F (2.045 x 10-5 cm 2 s- 1 at 250 C; Mills and Lobo 1989 [DIRS 138725], p. 318). For
other important radionuclide species, the self-diffusion coefficient for water is even greater than
that of specific radionuclides. For example, the self-diffusion coefficient for water is greater
than that of Am 3÷ by a factor of 4 (5.78 x 0.-6 cm 2 s-1 at 25°C; Rosch and Khalkin 1990
[DIRS 138739], p. 103) and greater than that of U0 2 (CO 3 ) 3 4- by a factor of about 8
(3.0±0.7 x 10-6 cm 2 s-1 at 25'C; Perry et al. 1988 [DIRS 138732], p. 302).
The
water-versus-radionuclide and temperature effects offset differently, depending on temperature
and the particular radionuclide. For TcO 4- and IF,for example, the two effects could result in the
model underpredicting diffusion by a factor of 2 to 4 at 100IC, while overpredicting diffusion by
about a factor of 1.1 to 1.5 at 25°C. However, for actinides, the radionuclide effect is stronger
than the temperature effect at all temperatures of interest, such that the model will overpredict
diffusion of actinides by a factor of I to 2 at 100IC and a factor of 4 to 8 at 25'C.
6.3.4.4

Colloidal Transport

Radionuclide transport from the waste package occurs as dissolved species at the appropriate
solubility or dissolution rate limit and as colloidal particles. Three types of colloids are
anticipated to exist in the EBS (BSC 2004 [DIRS 170025]): (a) waste form colloids from
degradation of HLW glass, (b) iron oxyhydroxide colloids due to products from the corrosion of
steel waste packages, and (c) groundwater or seepage water colloids. All three types of colloids
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may have reversibly sorbed radionuclides. The waste form colloids may have irreversibly
attached (embedded) or reversibly attached (sorbed) radionuclides. The corrosion products
colloids may have irreversibly attached (strongly sorbed) or reversibly attached (weakly sorbed)
radionuclides. The stability and mass concentrations of colloids are functions of the ionic
strength and pH of the groundwater or local liquid chemistry in the waste package and invert.
Both groundwater and waste form colloids are modeled using smectite mineralogy, and therefore
sorption distribution coefficients (Kd) values associated with radionuclide sorption onto smectite
colloids are used in the TSPA-LA model (BSC 2004 [DIRS 170025], Table 6-6). The Kd values
for colloids used in the TSPA-LA calculations are presented in Table 6.3-11.
The potential mass of radionuclides irreversibly attached (embedded) to the waste form colloids
(BSC 2004 [DIRS 170025], Section 6.3.3.3) is determined from reactions within the waste
package. The mass of radionuclides reversibly attached to all three types of colloids is
determined primarily by three parameters:
" Mass concentration of dissolved (aqueous) radionuclide in the liquid
" Mass concentration of colloid material in the liquid
" Radionuclide distribution coefficient (Kd) of a specific radionuclide on a specific colloid
mineralogical type.
The potential concentrations of colloids in the drifts and EBS have also been assessed
(BSC 2004 [DIRS 170025]). In a DOE-funded research project at the University of Nevada at
Las Vegas to evaluate the corrosion of scaled-down miniature waste packages, the data indicate a
preponderance of amorphous corrosion products released as colloids, including magnetite
(Fe 30 4 ), lepidocrocite (FeOOH), and goethite (FeOOH) (DTN: MO0302UCCO34JC.003
[DIRS 162871]; BSC 2004 [DIRS 170025], Section 6.3.1.3).
Colloidal transport of radionuclides occurs by advective and diffusive processes. Advective
transport moves colloids (and the associated radionuclides) at approximately the same velocity as
the liquid flux through the EBS. Longitudinal dispersion, which could potentially enable
colloids to travel faster than the bulk average liquid velocity, is ignored because of the short
travel distance through the EBS (see Section 6.3.1.2). Diffusive transport moves colloids due to
the concentration gradient and the medium diffusive properties. In the absence of a rigorous
theory of solute diffusion in liquids, order of magnitude estimates may be made on the basis of
hydrodynamic theory. Based on the Stokes-Einstein equation (Bird et al. 1960 [DIRS 103524],
p. 514, Equation 16.5-4), the diffusivity of a solute in a liquid is inversely proportional to the
radius of the diffusing particles.
Rates of diffusion of colloidal particles can be estimated by scaling those experimentally
determined free water diffusion coefficients for dissolved actinides to dissolved colloidal
materials on the basis of size (Stokes-Einstein relationship) as follows:

Boo,, =Do
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where
D.1,
D,,,
r,,,
r,,,

= diffusion constant for a colloidal actinide of radius r,,,
= diffusion constant for a dissolved actinide of radius rio,
= radius of the colloidal actinide
= radius of the dissolved actinide.

For example, given an ionic radius ro,, =I A (0.1 nm) and a colloidal particle radius
r,,,, = 10 nm, the free water diffusion coefficient for the colloidal particle would be that of the
dissolved actinide reduced by a factor of 100 (Do,,, = Di,,[O.1 nm/10nm]= Di, /100, from
Equation 6.3.4.4-1). This approach is consistent with discussions in Principles of Colloid and
Surface Chemistry (Hiemenz 1986 [DIRS 117358], p. 81).
Radionuclides may sorb irreversibly onto stationary corrosion products from the degradation of
waste package internal components (Section 6.5.3) as well as onto mobile colloids. This
sorption process will compete with reversible sorption onto colloids. A portion of plutonium and
americium sorb irreversibly onto mobile colloids as well as onto stationary corrosion products in
the waste package. In order to model both reversible and irreversible sorption of plutonium and
americium onto iron oxyhydroxide colloids, the TSPA model reduces the upper bounds for the
Kd values in Table 6.3-11 for plutonium and americium by a factor of 100 (BSC 2004
[DIRS 170025], Section 6.3.3.2), which constrains the Kd values to the lower bound.
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Table 6.3-11. Sorption Distribution Coefficient (Kd) Values and Interval Probabilities Used for Reversible
Radionuclide Sorption on Colloids in TSPA-LA Calculations

Radionuclide
Pu

Colloid
Iron Oxyhydroxide

Smectite

Am, Th, Pa

Iron Oxyhydroxide

Smectite

KdValue Range
(ml g101 to 10

103 to 106

105 to 1

104 to 107

KdValue Intervals
(ml g-)
<1 X 1040
4
1 x 104 to 5 x 10
10
x
1
5x 104 to
5
1 x 10'to 5 x 10
6
I x 10
5 x 10' to
>1 x10 6
< 1 X 103
1x 103 to 5 x 10'
5 x 10'to 1x 104
1 x 104 to 5 X 104
5x 104 to 1x 10
1 x 105 to 5 x 10'6
5x 105 to 1x 10

Iron Oxyhydroxide

101 to 103

102 to 104

0
0.04
0.08
0.25
0.2
0.35
0.08
0

<1
1x
5x
1x

x 10o
105 to 5 x 10'
10'to 1 x 106
6
106 to 5 x 10
5 x 10' to 1 x W
>1 x10 7
< 1 x 104
1 x 104 to 5 x 104
5x 104 to 1x 1015
I x 105 to 5 x 10
5 x 10'to 1 x 106

0
0.15
0.2
0.55
0.1
0

5X 106to 1 X 107

>1 xlX07

0.08
0

< 1 x 101
1
1 x 101 to 5 x 10
5 x 10' to I X 102
2
1 x 102 to 5 x 10
5x 102 to 1x 103

0
0.13
0.22
0.55
0.1

>1 x10

Smectite

0.15
0.2
0.5
0.15
0

>1 x106

1 x 106 to 5 x 106

Cs

KdValue Interval
Probabilities

3

< 1 x 102
1 x 102 to5x
5 x 102 to 1x
1x 103 to5x
5 x 103to 1x
>1 x10

4

0
0.07
0.1
0.23
0.2
0.32

0

102
103
103

104

0
0.2
0.25
0.5
0.05
0

DTN: SN0306T0504103.006 [DIRS 164131], Table 1.
NOTE:

In engineered barrier system calculations, upper bound of Kd ranges for plutonium (Pu) and
americium (Am) on iron oxyhydroxide reduced by a factor of 100 to be compatible with mechanistic
sorption model described in Waste Form and In-Drift Colloids-AssociatedRadionuclide
Concentrations: Abstraction and Summary (BSC 2004 [DIRS 170025], Section 6.3.3.2). Thus the Kd
values for Pu and Am on iron oxyhydroxide are effectively fixed at 104 and 105, respectively.
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6.3.4.5

Transport through Stress Corrosion Cracks

Transport through stress corrosion cracks in the waste package is limited to diffusion. Once
stress corrosion cracks form in the lid of the waste package, all surfaces inside the waste package
are assumed to be coated with a thin film of water (per Assumption 5.5). This thin film provides
the medium for diffusion from the waste form, through the stress corrosion crack, and out of the
waste package. The diffusive area is calculated as the product of the area and number of cracks.
The area of each crack is estimated from the data in Table 6.3-3. The maximum cross-sectional
area of each crack for diffusive transport is calculated to be 7.7 x 10-6 m2 (Section 6.3.3.1.2. 1).
6.4

CONSIDERATION OF ALTERNATIVE CONCEPTUAL MODELS

Alternative conceptual models considered in the EBS radionuclide transport abstraction are
discussed in this section. A summary of models that are analyzed is presented in Table 6.4-1.
Table 6.4-1.

Alternative Conceptual Models Considered

Alternative
Conceptual

Models

Key Assumptions

Screening Assessment and Basis

Bathtub flow
model (alternative
to flow-through

Seepage water flowing into breached waste
package accumulates until void volume is filled
before water containing dissolved radionuclides

Screened out in analysis in Section 6.6.1.
For several of the most pertinent cases,
the flow-through model is bounding with

model)

flows out. Various cases, such as changing inflow
rates and effect of solubility and dissolution rate

respect to releases of radionuclides.

limits, are evaluated.

Water vapor
diffusion limitations
through stress
corrosion cracks
(alternative to
unlimited access
to water vapor)

Ifthe rate of corrosion of steel components inside
waste package is greater than the rate of diffusion
of water vapor into waste package, a film of
adsorbed water cannot form, which delays diffusive
releases until all steel is fully corroded.
Water vapor concentration inside waste package is
assumed to be zero to maximize concentration
gradient.
Alternative cases consider stress corrosion cracks
that are assumed to be (1)fully open and (2) filled
with corrosion products but still permeable.
Alternative corrosion stoichiometry is considered for
formation of (1)Fe20 3 and (2)Fe(OH) 3.
Alternative corrosion rates are considered
assuming (1)only carbon steel corrodes, (2)all
internal components corrode at carbon steel rate
and at stainless steel rate, with mass of iron
computed as in the in-package diffusion submodel.
Oxygen diffusion Same as for water vapor diffusion limitation model,
limitations through but less restrictive in that oxygen as well as water
stress corrosion
vapor can corrode steels, potentially reducing time
cracks (alternative needed for complete corrosion of internal
to unlimited
components.
access to oxygen) Assumes that oxic corrosion occurs at the same
rate as anoxic corrosion with water.
Assumes oxygen and water vapor can diffuse
independently of each other without interfering.
Oxygen concentration inside waste package is
assumed to be zero to maximize concentration

Screened out.
Potentially delays releases for hundreds
to thousands of years, which requires
unattainable reduction in model
uncertainties.
The assumption that no water is
physically adsorbed until all steel is
corroded is questionable, since
adsorption is typically a fast process. On
the other hand, ifwater consumption by
corrosion keeps the relative humidity
inside the waste package low, the
effective water saturation, as computed in
the in-package diffusion submodel, will be
so low that bulk liquid phase behavior
allowing dissolution and diffusion of
dissolved radionuclides will not exist until
corrosion is complete.
Screened out.
Potentially delays releases, which is not
justifiable in view of large model
uncertainties.
Comparative rates of oxic and anoxic
corrosion should be considered.
Competing diffusion with water vapor
should also be addressed.

gradient.

_
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Table 6.4-1.

Alternative Conceptual Models Considered (Continued)

Alternative
Conceptual
Models
Dual-continuum
invert model

Key Assumptions
Crushed tuff invert ballast is modeled as a dualcontinuum material consisting of intergranular pore
space and intragranular pore space.
All seepage flow into the drift flows through the
intergranular pore space and into the UZ fractures,
Imbibition from UZ host rock into the invert flows
through the intragranular pore space.
Diffusion of radionuclides also occurs in both the
intergranular and intragranular pore spaces, from
the waste package corrosion products into UZ
fractures and matrix, as well as between the two
invert continua.
Invert diffusion
As the water content of the crushed tuff ballast
coefficient model
decreases, the water films that connect pore
with lower limit on spaces become disconnected, and the effective
water content
diffusion coefficient drops more rapidly than
predicted by Archie's law. Below some critical
water content, the diffusion coefficient becomes
zero. Based on models of diffusion in soils.
Reversible
Iron oxyhydroxide corrosion products sorb many
sorption of
radionuclide species. Sorption is assumed to be
radionuclides onto reversible and not compete with other radionuclides
waste package
nor compete for irreversible sorption sites.
corrosion products

Screening Assessment and Basis
Screened out.
Insufficient data to validate diffusion
coefficients in individual continua.
Insufficient data to confirm whether this is
a bounding approach with respect to
chemical behavior in the invert.

Screened out.
Insufficient data to validate diffusive
behavior at very low water contents.
Does not provide upper bounds on
diffusion coefficients.

Screened out.
Does not account for limitations on total
number of sorption sites.
Does not account for competition with
other radionuclides for sorption sites.
Does not account for competition with
irreversible sorption for sorption sites.
Pu sorption from
Plutonium sorbs strongly to iron oxyhydroxide
Experiment durations are short (hours to
stationary
corrosion product colloids and stationary corrosion weeks) compared to the repository time
corrosion products products. Sorption may be considered "slowly
scale.
and colloids
reversible" (as opposed to irreversible). The model The mechanisms of plutonium sorption
is applicable to the range of pH values expected in are not well-enough understood to fully
the repository environment,
interpret the data.
Plutonium sorption and desorption data
are not available for the highest pH
ranges expected in the repository
environment.

6.4.1

Bathtub Model for the Waste Package

The bathtub model is an alternative conceptual EBS flow model in which seepage collects within
the waste package before being released to the EBS. This is an alternative to the "flow-through"
geometry, and is analyzed in Section 6.6.1. It is concluded that, with respect to releases of
radionuclides, the flow-through model increases releases relative to the bathtub model and is
therefore bounding for the following cases:
1.

Primary case, in which the water inflow rate is constant, the rate of radionuclide
dissolution is limited, and the radionuclide concentration is solubility-limited.
Unlike the bathtub model, there is no delay in release of radionuclides in the
flow-through model.
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2.

Secondary case 1, in which the inflow rate undergoes a step change. The response of
the bathtub model is identical to the flow-through model for solubility-limited
radionuclides.
For dissolution-rate-limited radionuclides, the flow-through
model overestimates releases of radionuclides for the case of decreasing inflow, or
increasing concentration, which is of primary interest from a performance or
regulatory standpoint.

3.

Secondary case 2, a step change in groundwater chemistry. The flow-through model
overestimates releases of radionuclides relative to the bathtub model when the
solubility or dissolution rate increases because it has an instantaneous change to the
higher equilibrium value, whereas the bathtub geometry delays the change. For
decreasing solubility or dissolution rate, the bathtub overestimates fractional releases
of radionuclides, but this case is of no interest from a performance or regulatory point
of view, because the overall rate decreases.

4.

Secondary case 3, wherein a second corrosion patch opens instantaneously beneath the
water level in the waste package in the bathtub model. The impact of this alternative
flow path was screened out because of the potential mitigation from sorption and
because the variability of corrosion rates provides large uncertainty in radionuclide
release rates from the waste package.

As a result of this analysis, the bathtub model has been screened out as an alternative conceptual
model in order to overestimate radionuclide transport.
6.4.2

Limited Water Vapor Diffusion Rate into Waste Package

This alternative conceptual model accounts for the resistance to diffusion of water vapor into a
waste package through stress corrosion cracks. In the base model, there is no limit to the amount
of water vapor available to adsorb onto surfaces within a waste package, which creates a
pathway for diffusive transport of radionuclides out of the waste package. (This applies to the
in-package diffusion submodel, Section 6.3.4.3.) However, the base model currently used for the
TSPA to calculate dose overestimates releases of radionuclides, particularly at early times when
the only breaches in a waste package are small stress corrosion cracks. If the diffusion rate is
limited, the rate of steel corrosion is limited by the rate of diffusion of water vapor. The result is
that no water is available to adsorb and form a thin liquid film on corrosion products, and no
water would be available for radionuclide transport. This is because all water is consumed by
the corrosion process as quickly as it diffuses into the waste package. This prevents formation of
a diffusive path until all of the internal steel components are fully corroded, which in turn delays
diffusive releases until that time. Since this may take hundreds to thousands of years, the delay
in releases of radionuclides from breached waste packages could be extensive. During this
delay, radioactive decay will decrease the quantity of radionuclides in the waste package,
ultimately reducing releases to the environment.
A mathematical description of this model is presented in Section 6.6.2.
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6.4.3

Limited Oxygen Diffusion Rate into Waste Package

This alternative conceptual model is similar to the alternative conceptual model dealing with
limited water vapor diffusion into a waste package through stress corrosion cracks described in
Section 6.4.2. In both models, the rate of steel corrosion is limited by the rate of diffusion of
reactive gases. They also imply that no adsorbed water film can form until all of the steel is
corroded, as long as the rate of water consumption by corrosion is greater than the rate of
diffusion of reactants into the waste package. The difference in this model is that oxygen in the
waste package is also diffusion limited, yet oxygen also reacts readily with the steel internal
components. Depending on how oxygen competes with water vapor in diffusing through stress
corrosion cracks and reacting with steel, the time required for all internal components to react
and stop consuming water would be shortened. Then diffusive releases through the film of
adsorbed water (given by the in-package diffusion submodel, Section 6.3.4.3) can begin earlier
than predicted by the water vapor limited diffusion model alone.
A mathematical description of this model is presented in Section 6.6.3.
6.4.4

Dual-Continuum Invert

This alternative conceptual model treats the crushed tuff in the invert as a dual continuum
comprised of two pore spaces - intragranular pore space (tuff particle matrix) and intergranular
pore space. Although radionuclide transport by both advection and diffusion can occur in both
pore spaces, the dominant flow and transport processes in each of these two pore spaces is
generally different. In order to simulate flow and transport through the invert accurately, the
invert is conceptualized in this alternative conceptual model as overlapping dual continua using a
dual-permeability approach, wherein flow and transport occur in both pore spaces, and mass
transfer takes place between the two pore spaces.
A mathematical description of this model is presented in Section 6.6.4.
6.4.5

Alternative Invert Diffusion Coefficient Models

The following two alternative models for determining the diffusion coefficient in the invert are
assessed: the single-continuum invert diffusion coefficient model and the dual-continuum invert
diffusion coefficient model. In the single-continuum invert diffusion coefficient model, an
alternative to the Archie's law approach for determination of the diffusion coefficient for the
single-continuum crushed tuff invert ballast (Section 6.3.4.1) is modeled using an approach that
has been applied to diffusion in soils. In the dual-continuum invert diffusion coefficient model,
the bulk diffusion coefficient is dominated by the intergranular diffusion coefficient above the
critical bulk moisture content, while below this critical value, the intragranular diffusion
coefficient dominates.
Mathematical descriptions of these models are presented in Section 6.6.5.
6.4.6

Reversible Sorption of Radionuclides onto Waste Package Corrosion Products

In this alternative conceptual model, reversible sorption of radionuclides takes place on waste
package corrosion products. Iron oxyhydroxides are generated through corrosion of mild steel
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and stainless steels within the waste package. The iron oxyhydroxides are known to be excellent
sorbers (as indicated by their high Kd values) of many radionuclide species. In this alternative
conceptual model, sorption is modeled as being completely reversible for all radionuclides and
represented by linear adsorption isotherms in the form of Kd values. The Kd values allow
retardation factors to be computed for transport through the EBS.
Kd values for 13 radionuclides are discussed in Section 6.6.6.
6.4.7

Pu Sorption from Stationary Corrosion Products and Colloids

The TSPA-LA model accounts for limited plutonium desorption from iron oxyhydroxides by
incorporating an irreversible sorption component. In contrast, this alternative conceptual model
(ACM) accounts for the slow desorption of plutonium observed in experiments investigating
absorption and desorption of plutonium from iron oxyhydroxide. Postulated mechanisms of
plutonium sorption are described and the experimentally observed desorption is interpreted in the
context of these mechanisms. Kd values are calculated for application to plutonium transport in
the EBS and comparison with the TSPA-LA model base case. This ACM is not incorporated
into the base-case model because the durations of sorption-desorption experiments are short
relatively to the repository time scale, the mechanisms of plutonium sorption are not yet well
understood, and data on plutonium sorption and desorption are not available for high pH ranges.
This model is described in detail in Section 6.6.7.
6.5

MODEL FORMULATION FOR BASE CASE MODEL

6.5.1

Mathematical Description of Base Case Conceptual Model

A solute transport model typically consists of two component models: a model to solve the flow
equation and another to solve the transport equation (Anderson and Woessner 1992
[DIRS 123665], p. 327). The solution of the flow equation yields the flow velocities or flow
rates. These flow rates are input to the transport model, which predicts the concentration
distribution in time and space. Development of the EBS flow model and the EBS transport
model are discussed separately in the next two subsections.
6.5.1.1

EBS Flow Model

The EBS flow model is essentially a mass balance on water in the EBS. Because the
microscopic details of processes that occur in the EBS are not important on a drift or waste
package scale, an appropriate starting point for developing the EBS flow model is a general
macroscopic balance on water within a drift (Bird et al. 1960 [DIRS 103524], p. 686):

dm== -Aww + w, + r,.

(Eq. 6.5.1.1-1)

di
Here, inm,(kg) is the instantaneous total mass of water within the walls of a drift, which
encompass the EBS. This equation states that the rate of change of water mass in the EBS is
equal to the mass rate of flow out of minus the mass rate of flow into the EBS (Aww,, [kg s-']),
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plus w,, (kg s-I), the net mass flow rate of water across bounding surfaces into the EBS by mass
transfer (e.g., condensation or evaporation transfer water across a liquid surface, which is a
boundary between gas-phase flow and transport and liquid-phase flow and transport), plus the
rate of production of water by chemical reactions, ri, (kg s-1). Per Assumption 5.4, production
or consumption of water by chemical reactions is assumed to be zero, resulting in:

dm...= -AwT+ w,',.

(Eq. 6.5.1.1-2)

dt
At steady state or when the mass of water in the EBS changes slowly, the time derivative can be
set to zero:
-,Aw,

+ wI,' = 0.

(Eq. 6.5.1.1-3)

The alternative bathtub conceptual model, using Equation 6.5.1.1-2 for the waste package, is
screened out as an alternative conceptual model in Section 6.6.1. By neglecting changes in the
density of the water within a drift as it passes through the EBS, Equation 6.5.1.1-3 can be
divided by the density of water, p,, (kg m-3), to transform it into a volume balance involving
volumetric flow rates:
-AF,,, + F,,"' = 0,
where Fw, = w/ Ipt,

(Eq. 6.5.1.1-4)

is the volumetric flow rate (mi3 S-I), and the superscript in still refers to mass

transfer processes. Since both -AF,, and F,7 represent a net inflow minus outflow,
Equation 6.5.1.1-4 simply states that outflow is equal to inflow. This is the general form of the
water mass balance that is used for individual flow paths in the EBS in the EBS RTAbstraction.
It is applicable to the EBS as a whole as well as to individual components of the EBS. In
particular, the terms Aw,,, and wi,", can be broken down into the separate and distinct flow paths
listed in Section 6.3.1.1.
The volumetric flow rate of water into the top of the EBS is referred to as the total dripping flux,
designated F, in Table 6.3-1, and is comprised of seepage flux into the top of the drift and
condensation on walls of the drift. The seepage flux is computed in the GoldSim TSPA model
using Abstraction of Drift Seepage (BSC 2004 [DIRS 169131]), and condensation on the drift
walls is represented in the TSPA-LA model through the In-Drift Natural Convection and
CondensationModel (BSC 2004 [DIRS 164327]); these are inputs or sources of inflow into the
EBS flow model.
Over the entire EBS, Equation 6.5.1.1-4 becomes
F, + F7 = F,

(Eq. 6.5.1.1-5)

where F, is the total dripping flux into the top of the drift and F7 is the imbibition flux into the
invert; see Figure 6.3-1.
unsaturated zone.
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For the drip shield, the flux through corrosion breaches in the drip shield is F 2 , and the flux of
water diverted by the drip shield is F3 , so the water balance on the drip shield is:
F, = F2 +F3.

(Eq. 6.5.1.1-6)

For the waste package, the water mass balance is:
F2=F4- F5

(Eq. 6.5.1.1-7)

As modeled, there is no water storage in the waste package. Therefore, the flow rate of water
from the waste package to the invert is equal to the flow into the waste package, F4 . The water
balance over the invert includes this influx of water that has flowed through the waste package as
well as water diverted around the waste package and water diverted around the drip shield. The
total flow into the invert that originates from seepage flux and condensation (F,), is:
F6 = F3 + F4+ F5
=Fl.

(Eq. 6.5.1.1-8)

A water mass balance over the invert indicates that the sum of the seepage flux (F1 ) and
imbibition flux (F 7 ) flows out of the invert (Equation 6.5.1.1-5):

F8 = F6 + F7
=F,+F 7
6.5.1.1.1

(Eq. 6.5.1.1-9)
E

Water Flux through a Breached Drip Shield

Key features of the drip shield flux splitting algorithm include: (1) the seepage flux into the drift
falls as droplets from the top of the drift onto the crown of the drip shield (Assumption 5.1),
(2) droplets fall randomly along the length of the drip shield, (3) only flow through general
corrosion patches is considered, (4) evaporation from the drip shield is neglected
(Assumption 5.2); all of the seepage flux either flows through corrosion patches or drains down
the sides of the drip shield, (5) all water that flows through breaches in the drip shield flows onto
the waste package.
In the conceptual model of the breached drip shield corrosion patches are represented by square
holes, with dimensions specified in an earlier version of the WAPDEG corrosion model as
approximately 27 cm in width (CRWMS M&O 2000 [DIRS 151566], p. 36, where the patch area
is specified to be 7.214 x 104 mm 2). The breached drip shield experiments (BSC 2003
[DIRS 163406]) were designed using holes of this size.
Consider first some simple cases with idealized behavior, in which drops falling onto the drip
shield either fall straight through corrosion patches or, after impacting the drip shield surface,
flow straight down the sides of the drip shield. These will provide bounding cases for
comparison as more realism is added to the flux splitting submodel. Let 2e be the width (m) of a
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square corrosion patch, LDs the axial length (m) of the drip shield, and Nb the number of
patches on the drip shield, assumed to not overlap each other.
In the simplest case, N, patches are located on the crown of the drip shield, none off the crown.
Since all of the seepage flux F, falls on the crown of the drip shield, the amount that passes
straight through breaches in the drip shield (F2 ) is simply the ratio of the total length of the
Nb = N, patches to the total length of the drip shield multiplied by the seepage flux:
F2

2eNo

= F, LDS

(Eq. 6.5.1.1.1-1

Next, suppose a single patch exists, randomly located on the top of the drip shield, but fully off
the crown so that none of the seepage flux falls directly through the patch, but instead lands on
the drip shield crown and then flows straight down the surface. Ideally, exactly half of the
seepage flux drains down one side of the drip shield, and half down the other side. The reality is
not far removed from the ideal: when drops strike the drip shield, they splatter in a random
pattern; the region where splattered droplets fall is roughly circular. After a large number of
drops have fallen, on average half of the droplets will have landed on each of the two sides of the
drip shield. Since only half of the seepage flux drains down one side of the drip shield, a single
patch can only capture 2U/LDs of the flow down one side (F, /2), so the flux through a single
patch in the drip shield is:
£
F2 =F1 f

(Eq. 6.5.1.1.1-2)

LDS

If two patches exist, with one patch on each side of the drip shield, the total flux will clearly be
twice what flows through a single patch:
F2e

(Eq. 6.5.1.1.1-3)

If two patches are located on one side of the drip shield, away from the crown, and located
randomly except that they do not interfere with each other (i.e., one patch is not upstream from
another where it would intercept flow that would be captured by a lower patch), then a fraction
2 0/LDS of the flow down one side (F, /2) will enter each patch. The total flux through the drip
shield in this case is:
F2 = 2-,-7---=F72e
2.
, LDS
LDS
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In the general case where N, patches are randomly distributed on the drip shield, off the crown
and not interfering with each other, Equation 6.5.1.1.1-4 becomes:

F2=F LDS

(Eq. 6.5.1.1.1-5)

Different behavior is clearly seen depending on whether the patch is located directly on the
crown such that drops fall straight through it, or whether the seepage is split by falling on the
drip shield first, causing half of the dripping flux to flow down each side of the drip shield. If
N, patches are located on the crown (N, < Nb), the most general form of the flux splitting
algorithm for this idealization is:
F2 =F,Los
t[2NC+(Nb, - N)]

+N)e

S(Nb

(Eq. 6.5.1.1.1-6)

LDs

Although this equation is general, it requires a distinction between patches on the crown and off
the crown. However, the location of patches is completely random, so the location cannot be
specified a priori. To account for the different flux through crown patches, note that crown
patches occur within a distance ± 2e from the crown, or over an area 4 eLDs. The total surface
area of a drip shield is WDs LDs, where WDs is the total unfolded width of the drip shield (m) as
measured from the bottom edge of one side, over the top, and down to the bottom of the other
side. Then the probability of a patch occurring on the crown is:

4e

4(Los

WDsLDS

4Ves

(Eq. 6.5.1.1.1-7)

Equation 6.5.1.1.1-6 can be rewritten to account for the probability of seepage flux falling into a
crown patch or onto intact drip shield, and for the flux through a single crown patch being twice
the flux through an off-crown patch for a given seepage flux:
2=,(2Nb

( 41 +FI(Nbl(l_

LDS ) WDs ,)+

=F Nbe

LDSWDS

LDs

4e
WDS

(4e+WDS)

(Eq. 6.5.1.1.1-8)

F, Nbe-( 4f +1
LDS (,.WDS

.

'Lost~os&
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For a patch size of 2f = 27 cm and a total drip shield width of WDs = 6.94 m, the term
4e/WDs = 0.078. To a good approximation, the term 4e/WFDs can be neglected, yielding:
F2 = F Nbf
LDS

(Eq. 6.5.1.1.1-9)

which is identical to Equation 6.5.1.1.1-5. This result indicates that, although the flux is higher
through crown patches, the probability of patches occurring on the crown is small (4e / WDS, or
7.8 percent) and may be ignored in light of the uncertainties discussed in Section 6.3.2.4.
The simple model presented thus far assumes ideal drops that do not splatter and that run down
the drip shield in straight, nondiverging paths. Next, realism is added to the flux splitting
submodel by taking into account observations and data from breached drip shield experiments,
which account for drop splattering and the nature of rivulet flow along the surface of the
drip shield.
6.5.1.1.2

Breached Drip Shield Experiments

The breached drip shield experiments (BSC 2003 [DIRS 163406]) are described in
Section 6.3.2.4. The tests were performed at three different drip rates, which represent the range
of expected liquid water influx rates over a single drip shield. The bulk of the tests were
performed at a drip rate of 2 m3 yr-. Additional bounding flow rate tests were performed at a
lower rate of 0.2 m3 yr' and a higher rate of 20 m3 yf-'. The tests were performed by dripping
water at specified drip locations, one location at a time for a period that allowed a measurable
amount of liquid to be collected through breaches in the drip shield (typically 30 to 60 min
at 2 m3 yr', 10 min at 20 m3 yr- , and 5-5½ hr at 0.2 m3 yr-l).
Four basic types of tests were performed: (1) "q(splash)" test, in which the splash distance was
measured when a drop falls onto the drip shield surface; (2) "q(film)" tests, where the primary
goals were to measure rivulet spread and the amount of flow into a single breach in the drip
shield; (3) multiple breach tests, which were similar to the q(film) tests, except that multiple
breaches existed in the drip shield mock-up; and (4) bounding flow rate tests, which repeated the
q(film) and multiple breach tests using different drip rates. Most of the tests were performed on
both a smooth drip shield and a rough drip shield.
The dripping distance was based on design parameters and carried out at full scale. Thus the
dripping distance used for dripping onto the crown of the drip shield was 2.173 m (BSC 2003
[DIRS 163406]). The splash radius on the drip shield was measured for both the smooth
surface (DTN: MO0207EBSATBWP.022 [DIRS 163400]) and the rough surface
(DTN: MO0207EBSATBWP.021 [DIRS 163399]). The maximum lateral splash radius
observed in Splash Radius Test #1 on the smooth surface was 72.5 cm after 60 drops; in Test #2,
the maximum splash radius was 53.0 cm after 66 drops. On the rough surface, the maximum
lateral splash radius in the five tests that were conducted was 106.5 cm after 203 drops. In
addition to the splash radius tests, splash distances were recorded for some of the single patch
q(film) rivulet flow tests; a maximum splash distance of 86 cm (DTN: M0207EBSATBWP.023
[DIRS 163402]) was observed for drip location Patch 4, 8 cm right of center, onto the crown of
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the drip shield. The distribution of droplet formation on the surface as a function of distance
from the impact location was not measured, although an approximate determination was made to
distinguish an "inner cluster" of droplets from an "outer fringe," where the droplets were
noticeably smaller (Table 4.1-4). It was observed that the outer splashes on the fringe tended to
be smaller and less frequent on the rough surface than on the smooth surface.
Observations during the breached drip shield tests revealed that the primary mechanism for water
to enter breaches is via rivulet flow that originates from an area around the point of drip impact.
Following droplet impact at the crown, beads formed and increased in size around the center of
impact with each successive drop. After a time, the beads closest to the downhill curvature
would reach a critical mass and roll down the face of the drip shield in the form of a rivulet. The
rivulet flow area spreads out in a delta formation (i.e., the maximum spread was located on the
vertical section of the drip shield and the minimum spread was located at the point of impact).
No film flow was observed during tests on the smooth or the rough drip shield surfaces.
For a given drip location onto the crown of the drip shield (Assumption 5.1), the spreading of the
rivulet flow is defined by a spread angle, a, which is half of the total spread angle, formed with
the vertical plane through the impact point. The total lateral spread of the rivulet flow is given
by 2xtana, where x is the arc length from the crown of the drip shield down to a location of
interest. In the breached drip shield experiments (BSC 2003 [DIRS 163406]), the lateral rivulet
spread to one side of the vertical plane, or x tan a, was measured. These definitions are
illustrated in Figure 6.3-2. The curvature/shape of the drip shield is not shown in Figure 6.3-2
for simplicity and clarity.
The spread of rivulets from drips onto the crown of the experimental drip shield is reported in
DTNs: MO0207EBSATBWP.023 [DIRS 163402], MO0207EBSATBWP.024 [DIRS 163401],
and MO0207EBSATBWP.025 [DIRS 163403] and summarized in Table 4.1-6. The data are
analyzed in Microsoft Excel spreadsheet: Flux Split Drip Shield Model, Worksheet: Spread
angles, which is documented in Appendix C. The average spread at 330 from the crown
in 26 measurements was 20.1 cm, corresponding to an average spread angle of about 13.20. The
range of spread angles, from one standard deviation smaller and greater than the mean, was
about 8.90 to 17.30. The distribution for spread angle is not clearly defined by the experimental
data, and therefore a uniform distribution is considered appropriate.
The initial simple model wherein drips flow straight down the curved top of the drip shield is
made more realistic by incorporating the random spread of rivulets over an angle a as they flow
down the drip shield surface. The spreading of rivulets increases the probability that they will
flow into a breach (corrosion patch). Three cases are considered, two for a centrally located
breach at different distances from the crown such that different proportions of the rivulet spread
will encounter a breach, and one for a breach at the end of the drip shield.
6.5.1.1.2.1

Drip Shield Flux for a Centrally Located Breach, Case 1

Consider a breach that is centrally located on the drip shield. The breach is centrally located if
Points A and B (defined below) are located on the same segment of the drip shield as the breach
itself. In other words, the ends of the drip shield lie beyond Point A and Point B. Figure 6.5-1
illustrates the location and geometry for potential rivulet flows into a breach with length 2e and
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whose top edge is located a curved distance of x from the crown. For simplicity in evaluating
coordinates, the zero point of the y-axis is coincident with the center of the breach.
In Case 1, f > x tan a; in other words, the breach is wider than the rivulet spread at the top of the
breach.
Points A through D are defined as follows:
" Point A corresponds to the leftmost point from which the edge of the fan from the rivulet
can enter the left side of the breach.
" Point B corresponds to the leftmost point from which all rivulets will enter the top edge
of the breach. Point B lies between - e (left side of the breach) and the origin, y = 0.
" Point C corresponds to the rightmost point from which all rivulets will enter the top edge
of the breach. Point C lies between the origin and + e (right side of the breach).
* Point D corresponds to the rightmost point at which the edge of the fan from the rivulet
can enter the right side of the breach.
Rivulets originating between Point A and Point - f can (all or partially) flow into the left side or
the topiof the breach. Symmetrically, rivulets originating between Point + f and Point D can (all
or partially) flow into the right side or the top of the breach. All rivulets originating between
Point - e and + f completely flow only into the top of the breach, not into the sides. The
y-coordinates of Points A through D are:
YA =
YB

-f - (x + 2f)tana

= - + xtana

(Eq. 6.5.1.1.2-1)

YD = e + (x + 20tan a.
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Figure 6.5-1. Geometry and Nomenclature for a Centrally Located Breach with f > x tan a
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For a uniform distribution of rivulet flow between -cc and +1a,the fractionfof the random rivulet
flow that enters the breach depends on the originy of the rivulet:
For Y•< YA

fA- =

For YA < Y -< -f,

f
Ae

=

y + + (x + 2f) tan cr
2(x + 2f tan a

(Eq. 6.5.1.1.2-2)

y+e+xtana
2xtana

(Eq. 6.5.1.1.2-3)

e For -e<y<YB,

"

For Y<Y• Yc,
(Eq. 6.5.1.1.2-4)

" For Yc <y<f,
- -y+g+xtanfa
2x tan a

(Eq. 6.5.1.1.2-5)

y+f+ (x 2f)tana

(Eq. 6.5.1.1.2-6)

f

* For f£<Y<YD,

fD

ED

2(x +2f?)tan a

fDI = 0

* For Y>YD,

In this context, f is essentially a probability distribution function (i.e., the probability that a
rivulet will intersect the square corrosion patch). Integrating f over the full length of the drip
shield (from -LDs/2 to +LDs/2) gives the total water flux through a breach of width 2f.
Then the fraction F (= F2 /F1 ) of seepage flux passing through the breach is:

F= 2 I

rDS'/ 2
f
LDsDS bI /

1 2D
[,f~fy)dy+
2LDs

f yd

(Eq. 6.5.1.1.2-7)

L.D fl 8 (y)d

d
-

e_
a
+ ~tan
Los
2Los

Ydy+

fDf(y)dy]

(Eq. 6.5.1.1.2-8)
(Eq. 6.5.1.1.2-9)

The factor of 2 in the denominator starting in Equation 6.5.1.1.2-7 accounts for the seepage flux
being split in two when it drips onto the crown of the drip shield, and half of the flux flows down
each side.

ANL-WIS-PA-000001 REV 02

6-110

August 2005

EBS Radionuclide Transport Abstraction

The result is independent of x, the distance from the crown. The amount of seepage flux that
flows into a breach is, however, dependent on the rivulet spread angle a. This is reasonable
because a wider spread angle allows rivulets from a wider span of the crown to access the
breach. In effect, the width of the drip shield crown from which rivulets can flow into a breach
is expanded from 2Y to 2e + e tan a. Flow into the sides of the breach contributes only a small
amount to the total if the spread angle is small. If, for example, a = 13.2' (the mean spread
angle from the drip shield experiments), the total flow into a breach, from Equation 6.5.1.1.2-9,
is (e/LDsX1+0.117), so only about 0.117/1.117 = 1/10 of the total breach flow enters through
the sides of the breach.
As a check on this result, consider the case where the rivulets do not spread out over an angle a,
but instead flow straight down (i.e., cr = 0 = tan a ). Then Equation 6.5.1.1.2-9 becomes:
F = f,

(Eq. 6.5.1.1.2-10)

LDs
or

F2=F Ls
LDS

(Eq. 6.5.1.1.2-11)

Equation 6.5.1.1.2-11 is identical to Equation 6.5.1.1.1-2, which was obtained from simple
logic arguments.
As a further check on the validity of Equation 6.5.1.1.2-9, consider a single patch located
adjacent to the crown, just far enough away from the crown that the dripping seepage flux can
impinge on the crown and flow down both sides (i.e., x z 0, about the width of a drop). Water
flowing from the crown toward the patch will immediately enter the patch, since the spread over
the angle a is negligible. Seepage flux dripping onto the drip shield crown to the left and right
of the patch will flow down the drip shield in rivulets, fanning out over the angle a. In this
case, YA -e-2etana, y8 =-t, Yc = +f, and YD =f+2ftana. The fractions of the rivulet
flow down one side of the drip shield into the patch are:

" For
"

Y<YA,

For Y<YA,

fA- =0
fA- =0,
Sy++2ftana
f

(Eq. 6.5.1.1.2-12)

4tana
4f

" For -£<_y<_,
fA =1
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" For Yc=i<Y<YD,

4+ 2etan a

=
feD-

* ForYŽYD,

4etan a

(Eq. 6.5.1.1.2-14)

fD+=O.

Moving right from y = YA, where f = 0, f increases linearly until y = -- (on the left side of
-i ), where f = 1/2 ; because half of the rivulet fan is directed away from the patch at that point,
at most half of the rivulet will enter the patch. Between - f and + t, all of the rivulets flow
directly into the patch, so f = 1. As on the left side of the patch, to the right of the patch, from
y = ' to y = YD = t + 2f tan a, f decreases linearly from 2to 0. Performing the same
integration as in Equations 6.5.1.1.2-7 and 6.5.1.1.2-8 results in:
F =,tana

(Eq. 6.5.1.1.2-15)
2

LDs

LDs

which is again identical to Equation 6.5.1.1.2-9. Since, as seen earlier, the flow into the top edge
of the patch is LILDs, the term ttanal( 2 LDs) accounts for rivulet flow into the sides of the
patch for this bounding example.
Multiple patches increase the flow into patches in direct proportion to the number of patches,
assuming that patches do not interfere:
+[.m

J,

(Eq. 6.5.1.1.2-16)

F, = F,N[-+

t tana

(Eq. 6.5.1.1.2-17)

TLDS

2LDSJ

F11=

L

or

If patches are located below other patches, the rivulets are intercepted by the higher patches, and
none or less flows into lower patches. In that case, the flux through the drip shield, F2, is less
than predicted by Equation 6.5.1.1.2-17. That is, neglecting interference among multiple patches
and using Equation 6.5.1.1.2-17 overestimates releases of radionuclides.
6.5.1.1.2.2

Drip Shield Flux for a Centrally Located Breach, Case 2

In Case 2, f < x tana ; in other words, the breach is narrower than the rivulet spread at the top of
the breach (see Figure 6.5-2). In Case 1, over some range of y centered at y = 0, all of the
rivulet flow enters the top edge of the breach (fo = 1). In contrast, in Case 2, the rivulet spread is
too wide for all of the rivulet flow to enter the breach at any point (f 0 < 1).
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V•

Points A through D are defined as follows:
" Point A corresponds to the leftmost point from which the edge of the fan from the rivulet
can enter the left side and top of the breach.
" Point B corresponds to the rightmost point from which rivulets cannot spread beyond the
upper right comer of the breach. Point B lies between - e (left side of the breach) and
the origin, y = 0. Rivulets originating between - f and Point B enter only a portion of
the top edge of the breach.
" Point C corresponds to the leftmost point from which rivulets cannot spread beyond the
upper left comer of the breach. Point C lies between the origin and + e (right side of the
breach). Rivulets originating between Point C and + £ enter only a portion of the top
edge of the breach. Rivulets originating between Point B and Point C can enter the
entire top edge of the breach.
" Point D corresponds to the rightmost point at which the edge of the fan from the rivulet
can enter the right side and top of the breach.
A

-L B 0 C +L
X:
., S ,
S
SS

*/

•

0 y, Distance along Crown
F

S,

I

#

a#

2t
(x+2t.}tan•

®0019MRo2.

Figure 6.5-2. Geometry and Nomenclature for a Centrally Located Breach with I< x tan a
As in Case 1, rivulets originating between Point A and Point - f can flow into the left side or the
top of the breach. Symmetrically, rivulets originating between Point + f and Point D can flow
into the right side or the top of the breach. All rivulets originating between Point - f and + f
flow only into the top of the breach, not into the sides. The y-coordinates of Points A
through D are:
YA = -e - (x + 2f)tan a

YB

=

g-

x tan a

Yc = -+xtana

0

YD
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The central region boundaries, YB and Yc, are different for Case 2 than for Case 1.
For a uniform distribution of rivulet flow between -cc and +ax, the fractionf of the random rivulet
flow that enters the breach depends on the origin y of the rivulet. These fractions are identical
for corresponding regions to those in Case 1 except for the region YB <-y - Yc, where now
fo < 1 instead of fo = 1.
* For Y<YA,
*

fA- =

0

For YA<Y<-e,

f

= y+ +(x + 2ftanac
A

*

(Eq. 6.5.1.1.2-19)

=2(x+2t)tana

For -t<y<YB,

fB

y+e+xtana

-

2xtana

(Eq. 6.5.1.1.2-20)

2f
2xtana

(Eq. 6.5.1.1.2-21)

-y+e+xtana
2xtana

(Eq. 6.5.1.1.2-22)

-y+ f +(x+ 2e)tanaz
=
2(x+2e)tanca

(Eq. 6.5.1.1.2-23)

* For YB <-•Yy- Yc,

* Forycv<y<t,
fc
* For

<•Y<YD,

f
D

* For Y>YD,

fD+

=0.

Integratingf over the full length of the drip shield (from -LDS/2 to +LDs/2), as in Case 1,
gives the total water flux through a breach of width 2C. The fraction F (= F2 /F1 ) of seepage
flux passing through the breach is:

F=I

flDS 2

2LDSLDI1

f(~dy

2L [f'fA(y~dy+ 'fIfB(y)dy + fcfody + fjfct (y)dy +
£
LDs
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fDfD(y)dy]

(Eq. 6.5.1.1.2-25)
(Eq. 6.5.1.1.2-26)
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For Case 2, the seepage flux passing through the breach is identical to Case 1
(Equation 6.5.1.1.2-9). This is reasonable considering that F is independent of x. In other
words, the breach can be located at any distance from the crown, and the same fraction of
seepage flux will flow into it. The two cases are really a single case where the breach in Case 2
is simply located further from the crown than in Case 1.
6.5.1.1.2.3

Drip Shield Flux for an End-Located Patch

The drip shield design (BSC 2004 [DIRS 168275], Sheet 1) includes a connector guide at one
end and a connector plate at the other end that, being thicker than the plates comprising the top
and sides of the drip shield, should survive intact longer than the plates. These components will
prevent any rivulets from flowing off the ends of the drip shield. This will alter the fraction of
rivulet flow that enters patches that are located at the ends of the drip shield. If the patch is
located a short distance from the end, the space between the patch and the connector guide will
allow water diverted by the guide to flow down the drip shield instead of into the patch. This
distance is unknown, but for simplicity is chosen to be zero (i.e., if the patch is not coincident
with the connector guide, it behaves as a centrally located patch).
Consider a breach that is located at one end of the drip shield. Figure 6.5-3 illustrates the
location and geometry for potential rivulet flows into a breach with length 2e and whose top
edge is located a distance of x from the crown. For simplicity in evaluating coordinates, the zero
point of the y-axis is again coincident with the center of the patch, and the end of the patch as
well as the drip shield are at y =
-t

B 0
'

C +e

D

!,I '

"I

xtancxa

2nt

y, Distance along Crown

~ ,2
•

oo197MO3 -o-

(x+2t)tana

Figure 6.5-3. Geometry and Nomenclature for an End-Located Breach with I > x tan a

The Points C and D are defined as above for Case 1. Point A is beyond the end of the drip
shield, and distinguishing Point B is unimportant because all rivulets originating to the left of
Point C flow completely into the breach.
YB

=

-e +

xtana

Yc = e-xtana

(Eq. 6.5.1.1.2-27)

YD = e + (x + 2)tan a.
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It is shown above that the result is independent of x for the centrally located breach. Therefore,
either case is adequate for analysis. For the case where f > x tan a, corresponding to Case I
above, the fractionf of rivulet flow into the patch over ranges ofy are:
" For y_<-,

f=0

* For -f£y:yc,
(Eq. 6.5.1.1.2-28)
o For yc<y<f,

-y+f+xtana

fc

(Eq. 6.5.1.1.2-29)

2xtana

* For £<Y<YD,
f

-

y+ f + (x + 2f)tanca
2(x + 2f tan a

(Eq. 6.5.1.1.2-30)

* For YŽ>YD, fD,= O.
Integrating f over the full length of the drip shield (from -L s / 2 to +
water flux through a breach of width 2e.
through the breach is:

2

[f~ fdy +

2

f£tan

LDs

(Eq. 6.5.1.1.2-31)

LDS/2

LDS

/2) gives the total

The fraction F (= F 2 IF,) of seepage flux passing

rDSI2 f (y)dy

1

F-=

LDS

"ff, (y)dy +

a

ffi:fD(y)dy]

(Eq. 6.5.1.1.2-32)

(Eq. 6.5.1.1.2-33)

4LDs

Thus, the seepage flux fraction F for breaches at the end of the drip shield is independent of the
distance x from the crown. The only difference from centrally located breaches is the term that
accounts for flow into the side of a breach [ftana/(4L0 s)]. Since only one side of the breach is
accessible to rivulet flow, the flow through the one side of the breach at the end of the drip shield
is just half of the flow through two sides in a centrally located breach.
As seen above, for a small rivulet spread angle, the portion of the flow into a breach that enters
through the side is small. For an end breach, that fraction is even smaller. In the example given
in Section 6.5.1.1.2.1, for a mean spread angle of a = 13.2', flow through the sides of the breach
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accounts for only about 1/10 of the total. For an end breach, based on Equation 6.5.1.1.2-33,
side flow will account for only 6 percent in this example. In Section 6.5.1.1.2, experimental
results are discussed that show the spread angle is approximately 13.20 and that the amount of
seepage flux that actually enters a breach varies widely. Differences of 6 percent are negligible.
Since the end-located breach model (Equation 6.5.1.1.2-33) applies only to breaches that are
exactly at the ends of the drip shield, which will be an infrequent occurrence, it is reasonable to
ignore the distinction between end breaches and centrally located breaches.
Then the flux through one patch in the drip shield is:
F2

6.5.1.1.2.4

= Fi --

(1 +tana

(Eq. 6.5.1.1.2-34)

Analysis of Breached Drip Shield Experiments

The breached drip shield experiments (BSC 2002 [DIRS 158193]; BSC 2003 [DIRS 163406])
provide estimates of the rivulet spread factor from which the spread angle a can be determined
(DTN: MO0207EBSATBWP.022 [DIRS 163400]), the splash radius from drops falling from the
roof of the drift to the crown of the drip shield (DTN: MO0207EBSATBWP.022
[DIRS 163400]), and the flow into breaches from a number of discrete drip locations
(DTN: MO0207EBSATBWP.023 [DIRS 163402]). In addition, the tests characterized the flow
behavior on the drip shield surface, determining that flow occurs as rivulets rather than as film
flow.
In Splash Radius Test #1 (DTN: MO0207EBSATBWP.022 [DIRS 163400]), water was dripped
onto the drip shield crown, and the distance that the water splattered was measured.
In 12 separate sets of measurements (Table 4.1-4), using from I to 90 drips, splash distances to
the right ranged from 1.6 cm (single drip) to 63.2 cm (49 drips); splash distances to the left
ranged from 1.6 cm (single drip) to 72.5 cm (60 drips). Tests using larger numbers of drips
tended to result in larger maximum splash distances. "Outer fringe" measurements using more
than 20 drips ranged from 31.5 cm to 72.5 cm, whereas "inner cluster" measurements using more
than 20 drips ranged from 25.0 cm to 48.0 cm. The definition of the grouping as "outer fringe"
and "inner cluster" was not specified, but the results indicate a distribution of splashed water
heavily weighted to a median radius of about 40 cm.
The splash radius is useful for providing a distribution of rivulet origins based on limited
experimental data. In the flow tests, water was dripped onto the drip shield in only a few discrete
locations. In order to make greater use of the data to determine the uncertainty in applying the
drip shield flux splitting submodel (Equation 6.5.1.1.2-34), the distribution of splattered
water can be treated as multiple drip locations in comparing Equation 6.5.1.1.2-34 to the
experimental data.
Rivulet spread was measured in single patch q(film) tests (DTN: MO0207EBSATBWP.023
[DIRS 163402]), multiple patch tests (DTN: MO0207EBSATBWP.024 [DIRS 163401]), and in
bounding flow rate tests (DTN: MO0207EBSATBWP.025 [DIRS 163403]). Table 4.1-3
summarizes the maximum rivulet spread to the left and right of a straight line down the drip
shield from the drip impact point. The rivulet spread data are analyzed in Microsoft Excel
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spreadsheet: Flux Split Drip Shield Model, Worksheet: Spread angles, which is documented in
Appendix C. The results-the mean and range of spread angles-are reported in Section 6.5.1.1.2.
Rivulet spread measurements at the top edge of patches in the drip shield mock-up are used. The
distance x from the drip location on the crown of the drip shield to the point of measurement is
determined from the drawing of the drip shield mock-up shown in Figure 4.1-1, which is
reproduced from Howard (2002 [DIRS 161516], p. 14). Various dimensions used in the
Microsoft Excel spreadsheet analysis of the data are listed in Table 6.5-1. Because the drip
shield top surface is a circular arc (Figure 4.1-1), the 16.5' line is at half the distance from the
crown to the 330 line, or 0.43 m from the crown.
Table 6.5-1.

Dimensions Used in the Analysis of Breached Drip Shield Experiments, Based on
Dimensions Shown in Figure 4.1-1

Dimension
Crown to 330 line
Crown to 16.50 line

Calculation
2.44 m - 0.94 m - 0.64 m
½ distance from Crown to 330 line

Crown to top edge of Patch 4
Crown to top edge of Patch 5

2.44 m - 0.94 m - 0.135 m
2.44 m - 0.94 m - 0.64 m

1.365
0.86

Crown to transition line
16.50 line to transition line

2.44 m - 0.94 m
0.43 m (Crown to 16.50 line)+ 0.64 m

1.50
1.07

16.50 line to 330 line

1/2distance from Crown to 330 line

0.43

16.50 line to Patch 4

0.43 m (Crown to 16.50 line)+ 0.64 m - 0.135 m

0.935

16.50 line to Patch 5

½ distance from Crown to 330 line

0.43

330 line to Patch 4
330 line to transition line

0.64 m - 0.135 m
0.64 m

0.505
0.64

%(0.43 m [Crown to 16.50 line]) + 0.43 m (16.50 line to
330 line) + 0.64 m -0.135 m_
Source: Howard 2002 [DIRS 161516], p. 14.

Distance (m)
0.86
0.43

1.15

½ distance between Crown and 16.50
line to Patch 4

_

Since the experiments involved dripping at a few discrete locations, it is not possible to calculate
the flux through the drip shield as given by Equation 6.5.1.1.2-34 using experimental data.
Instead, the fractionfof dripping flux at an individual drip location that flows into a given breach
can be computed for the tests and compared with the fraction expected using one of the
Equations 6.5.1.1.2-1 to 6.5.1.1.2-6 (Case 1) or 6.5.1.1.2-18 to 6.5.1.1.2-23 (Case 2). The
appropriate equation to be used depends on the drip location relative to the breach. The
variability in the experimental values (fPt) and comparisons with calculated values (fcic) show
the range of uncertainty in the drip shield flux ratio F = F2 /Fl. The values of fLP, and fc,,,c
are calculated in Microsoft Excel spreadsheet: Flux Split Drip Shield Model,
Worksheet: f calculations, which is documented in Appendix C.
Experimental data from two breaches are pertinent to this analysis-Breach 4 and Breach 5.
Breach 4 straddled the transition line between the top of the drip shield and the vertical side, with
the top edge 136.5 cm from the crown. Breach 5 was located on the top of the drip shield, about
halfway between the crown and the transition line, with the top edge 86 cm from the crown.
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Table 6.5-2 shows the fraction of the total dripping flux that entered a breach in each of 14 tests.
The data sources are single patch q(film) test results (DTN: MO0207EBSATBWP.023
[DIRS 163402]), multiple patch test results (DTN: MO0207EBSATBWP.024 [DIRS 163401]),
and bounding flow rate test results (DTN: MO0207EBSATBWP.025 [DIRS 163403]), and are
given in Table 4.1-2. The results are compared with calculated fractions for the mean spread
angle as well as for the spread angles corresponding to plus or minus one standard deviation
from the mean rivulet spread angle. The experimentally observed fractions, fp,, were
calculated assuming that one-half of the measured total dripping flux flowed down the side of the
drip shield where the breaches were located. This is necessary for fexp, to be consistent with the
fractions in Sections 6.5.1.1.2.1 and 6.5.1.1.2.2, which are the fractions of flow down one side of
the drip shield that enters a breach.
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Table 6.5-2. Comparison of Experimental Breach Inflow Fractions with Model Calculations from
Appendix C
y, Drip

x, Vertical

Breach
No.

Location
Relative to
Breach Center
(cm)

Distance from
Crown (drip)
to Top of
Breach (cm)

fexpt

a=8.9 0

a--13.2 0

a--17.3°

centerline (Q[film] Test)I

4

8

136.5

0.247

0.629

0.423

0.318

Patch 5 centerline (Q[film]

5

0

86.0

0.258

1.000

0.672

0.504

5
4

-4
0

86.0
136.5

0.136
0.236

0.854
0.634

0.680
0.423

0.504
0.318

5

-27

86.0

0.033

0.117

0.244

0.504

4

27

136.5

0.019

0.236

0.323

0.318

4

-27

136.5

0.031

0.236

0.323

0.318

5

27

86.0

0.032

0.117

0.244

0.504

4

0

136.5

0.275

0.634

0.423

0.318

4

0

136.5

0.177

0.634

0.423

0.318

4

27

136.5

0.020

0.236

0.323

0.318

4

27

136.5

0.013

0.236

0.323

0.318

5

-27

86.0

0.013

0.117

0.244

0.504

5

-27

86.0

0.065

0.117

0.244

0.504

0.111
0.414
0.305
0.106
0.049
0.236
0.013
0.117
0.275
1.000
[DIRS 163401];

0.380
0.144
0.323
0.244
0.680

0.398
0.096
0.318
0.318
0.504

Drip Location
(Test Description)
8 cm right of Patch 4
ctrine of mTt)

fcak

Test)

4 cm left of Patch 5
centerline (Q[film] Test)
Patch 4 centerline (Q[film]
Test)

27 cm right of drip shield
center (Multiple Patch
Test)

27 cm left of drip shield
center (Multiple patch test)

81 cm left of drip shield
center (Multiple Patch
Test)
81 cm right of drip shield
center (Multiple Patch
Test)

54 cm left of drip shield
center (High Flow Rate
Test)
54 cm left of drip shield
center (Low Flow Rate
Test)

27 cm left of drip shield
center (High Flow Rate
Test)

27 cm left of drip shield
center (Low Flow Rate
Test)

27 cm right of drip shield
center (High Flow Rate
Test)

27 cm right of drip shield
center (Low Flow Rate
Test)

Mean
Std. Dev.
Median
Minimum
Maximum
DTNs: MO0207EBSATBWP.023 [DIRS 163402]; MO0207EBSATBWP.024
MO0207EBSATBWP.025 [DIRS 163403].
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The experimentally observed fraction of drip seepage flowing into a breach varies widely. This
variability is primarily due to the drip location-when the drip location is centered over the
breach, much of the flow enters the breach, and when the drip is far off to the side of a breach,
little of it enters the breach. However, the variability also includes differences in drip rate, the
distance from the crown to the breach, evaporation from the drip shield surface, and random
variability in drop splashing and rivulet flow behavior.
The fraction of drip seepage flowing into a breach calculated from the model is found always to
be higher than observed experimentally, particularly when the drip location is far from the
breach. When the drip location is well away from the patch center, and little water flows into the
breaches (f,,p,

less than about 0.1), the model overestimates the experimental fraction

increasingly as the estimated spread angle increases (see Table 6.5-3). In contrast, the model
predicts that ever-increasing amounts of water flow into a breach as the spread angle increases.
This can be seen in Equation 6.5.1.1.2-34, which shows that the flow into breaches is
proportional to (I + V2 tan a), so as the spread angle a increases, so does the flow into breaches.
Evaporation also plays a part. The model assumes no evaporative losses (Assumption 5.2),
whereas evaporation from the drip shield occurred in the experiments because the relative
humidity was less than 100 percent. Using a larger spread angle in the model results in increased
predicted flow into a breach, whereas evaporation consistently reduces the experimentally
measured inflow. Thus, ignoring the observed occurrence of evaporation in the development of
the drip shield flux splitting submodel will overestimate the transport of radionuclides.
When the drip location is directly above the breach, the model agrees more closely with
experiments as the spread angle increases. Again, the model generally overestimates the flow
into breaches. In this case, as the estimated spread angle increases, less flow into breaches is
predicted, so the model agrees more closely with experiments.
A major reason for the differences between the flux splitting submodel calculations and the
experimental results is that splashing of the drops when they impinged on the drip shield resulted
in a dispersed source of rivulets. In contrast, the model supposes that the entire dripping flux
flows down the drip shield from the point of impact. Splattering spreads the dripping flux over a
wide span of the drip shield crown. The splash radius tests recorded splashes that extended up
to 72.5 cm from the drip location, with an "inner cluster" radius of 25 to 48 cm
(DTN: MO0207EBSATBWP.022 [DIRS 163400]). In three of the q(film) rivulet flow tests,
lateral splash distances ranging from 54.5 cm to 86 cm from the drip point on the crown were
observed (DTN: MO0207EBSATBWP.023 [DIRS 163402], Drip Location: Patch 5, center,
crown; Patch 4, center, crown; and Patch 4, 8 cm right of center, crown). Since a large portion of
the dripping flux in the tests splattered beyond the range of rivulet flow into individual breaches,
the flow into breaches was much less than predicted by the model. Thus, ignoring the observed
occurrence of splattering in the development of the drip shield flux splitting submodel will
overestimate the transport of radionuclides.
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Table 6.5-3. Additional Comparisons of Experimental Breach Inflow Fractions with Model Calculations
from Appendix C
Drip Location
(Test Description)

a=13.20

a=17.3°

a=8.9°

f I fexat
a=13.2°

2.545

1.713

1.286

3.876

2.604

1.955

fcaic "fexut
fGept

a=8.9*

__/

a=17.3*

0.247

0.382

0.176

0.071

Patch 5 centerline

0.258

0.742

0.414

0.246

(Q[film] Test)

08

4 cm left of Patch 5 centerline

0.136

(Qofilm] Test)

0__01

Patch 4 centerline (Q[film]

0.236

0.398

0.187

0.082

2.686

1.794

1.347

0.033

0.085

0.212

0.472

3.606

7.515

15.507

27cm left of drip shield center

0.019

0.217

0.304

0.299

12.393

17.016

16.722

81 cm left of drip shield center

0.031

0.205

0.293

0.287

7.720

10.600

10.417

81 cm right of drip shield

0.032

0.085

0.212

0.472

3.662

7.632

15.750

54 cm left of drip shield center

0.275

0.359

0.148

0.043

2.306

1.540

1.156

(High Flow Rate Test)

009

54 cm left of drip shield center

0.177

0.456

0.246

0.140

3.574

2.387

1.792

0.020

0.215

0.303

0.298

11.693

16.055

15.777

0.013

0.223

0.310

0.305

18.286

25.108

24.673

0.013

0.104

0.231

0.491

9.064

18.888

38.978

0.065

0.053

0.180

0.440

1.815

3.781

7.804

0.111
0.106
0.049
0.013
0.275

0.303
0.221
0.220
0.053
0.742

0.269
0.107
0.239
0.1484
0.5439

0.287
0.155
0.298
0.043
0.491

6.393
4.885
3.769
1.8145
18.286

8.688
7.672
6.256
1.540
25.108

11.205
11.033
9.110
1.156
38.978

8 cm right of Patch 4 centerline

U

(Qofilm] Test)

0.544

0.718

69

067

.

4

0.368

6.277

4.998

.3

0.4

3.707
_.7_.9_.0

Test)

27 cm right of drip shield
center (Multiple Patch Test)
(Multiple patch test)

(Multiple Patch Test)

center (Multiple Patch Test)

1

4460

(Low Flow Rate Test)

27 cm left of drip shield center
(High Flow Rate Test)
27 cm left of drip shield center
(Low Flow Rate Test)
27cm right of drip shield
center (High Flow Rate Test)
27cm right of drip shield

U

center (Low Flow Rate Test)

Mean
Std. Dev.
Median
Minimum
Maximum

K)
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Table 6.5-4. Water Collected in Drip Shield Experiment Q(film); Drip Location: Patch 4, 8 cm Right of
Center, Crown

Collection Station
Input Water
Gutter 1-1
Gutter 3-1
Gutter 3-2
Gutter 3-3

Initial Mass (g)
-50.32
7.652
7.611
7.600
7.612

Final Mass (g)
-228.52
16.434
8.677
23.213
8.899

Net Water Mass (g)
-178.20
8.782
1.066
15.613
1.287

7.521

17.124

9.603

Breach 2
Breach 4
Drip Shield OUT 1
Drip Shield OUT 2
Drip Shield OUT 3

107.02
107.60
7.634
7.578
7.574

109.00
129.62
8.738
19.681
34.446

1.98
22.02
1.104
12.103
26.872

Drip Shield OUT 4

7.702

40.308

32.606

Gutter 3-4

Water Collected in
Each Group of
Collection Stations (g)
178.20
36.351

24.00
72.685

DTN: MO0207EBSATBWP.023 [DIRS 163402].

One other cause for the discrepancies between experimental and predicted flow fractions is that,
in the model, all dripping flux flows down the drip shield surface. In the experiments, a large
amount of water remained on the drip shield as splattered drops that had not yet grown large
enough to flow down the surface. For example, Table 6.5-4 shows the amount of water collected
in the first experiment listed in Table 6.5-2. Of the 178.2 g of water that was dripped onto the
surface, only 60.35 g was collected from the breaches or drainage gutters, whereas 72.685 g,
or 41 percent, remained on the surface ("Drip Shield OUT" entries). This is a source of
uncertainty in the experimental results that could be reduced by increasing the duration of the
experiment far beyond the one-hour length of the test, but is inherent in the experiment and
cannot be eliminated. The result is that less of the dripping flux actually flowed down the drip
shield surface than is predicted by the model. This also causes the model to overestimate the
fraction that flows into breaches, and, therefore, overestimates the transport of radionuclides.
Results presented in Table 6.5-2 and Table 6.5-3 show a large uncertainty in the fraction of
rivulet flow that enters breaches. The integrated fraction of flow into breaches, which is the
desired result, is not readily discerned from the uncertainty in the inflow fractions, even though
the flows obtained experimentally are more clearly quantified.
Another approach, which is used to develop an uncertainty factor for use in TSPA-LA, is to
apply the integrated flow fraction approach to a drip shield whose length is about as wide as the
splash diameter. If the rivulet source is dispersed along the crown, the integrated flow into a
breach, Equation 6.5.1.1.2-34, can be applied. However, instead of the full drip shield length,
the splash diameter is used for LDs. Thus, for the breached drip shield experiments, LDS has a
range that is double the measured range for "inner cluster" splash radius (25 to 48 cm, as
discussed at the beginning of this section, Section 6.5.1.1.2.4), or 50 to 96 cm.
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The uncertainty in the effective drip shield length and in the spread angle is accounted for in a
parameter fDs, and the fraction of seepage flux that enters a breach, F2 1/F, is written as in
Equation 6.3.2.4-2:
F21/F =- L

, I+tan•afs.

(Eq. 6.5.1.1.2-35)

In this approach, the uncertainty factor fDs is obtained by replacing F 2 /FI with f",p, the
experimental fraction of drip flow that enters a breach:

fF2
fn=

I

F,
tana:)

fexp,

(Eq. 6.5.1.1.2-36)

tana>'
I-~
The range of values for
maximum values of Los
fDs, using LDs =50cm
0.111 for fexptThe
fDs

fDs is obtained by evaluating it with the appropriate minimum and
and a so as to minimize and maximize fDs. The minimum value of
and a =17.30, is fDs =3.205f.P, = 0.356 using the mean value of
maximum value of fDs, using LDs =96 cm and a = 8.90, is

= 6.5947fept = 0.732 using the mean value of 0.111 for fLp,. Because zero must be the low

end of the range of fDs, these estimates are regarded as a range for the maximum value of fDs.
By treating the experimental drip shield as a segment whose length is the splash diameter, a
maximum value of 0.36 to 0.73 for the flux splitting uncertainty factor fDs is obtained.
It is also reasonable to use the median value for fp,, (0.0486) instead of the mean to define the
range for fDs. In this case, fDs would range from 0.16 to 0.32, a factor of 2.3 lower than when
the mean is used, which gives some indication of the degree of uncertainty in the experimental
measurements and the resulting flux splitting submodel.
The drip shield flux splitting submodel, Equation 6.3.2.4-4, includes the rivulet spread angle, a.
As discussed in Section 6.3.2.4, this equation can be simplified by lumping the uncertainty in
a with the range in fDs. In Section 6.5.1.1.2, a was found based on experiments to range from
about 8.9' to 17.3'. The uncertainty in a appears as a factor (I+ tan a / 2), ranging from 1.08
to 1.16, which multiplies fDs, resulting in a range for the product fAs =(l+tana/2)fDs. The
maximum for fs based on experimental results is (1.16)(0.73) = 0.85 (using the maximum
spread angle of 17.30 in the factor (1+ tan a/2) and the minimum spread angle of 8.90 to
define fDs).
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and the drip shield flux splitting algorithm is:

The sampled parameter is then fs,

F2

=min FI

(Eq. 6.5.1.1.2-37)

_ fD!,sFi,

which is identical to Equation 6.3.2.4-6. Using the higher value of maximum for fDs of 0.85 is
both more reliable, being based on experimental data, and overestimates releases of
radionuclides by predicting a higher water flow rate through the drip shield. The range for fs
to be used in TSPA-LA is 0 to 0.85. A uniform distribution is appropriate for fAs because
insufficient data are available to define any other distribution.
6.5.1.1.3

Water Flux through a Breached Waste Package

The submodel for flow through a breached waste package is conceptually identical to the
submodel for flow through a breached drip shield. Key features listed at the start of
Section 6.5.1.1.1 apply to both the drip shield and waste package cases. The waste package and
drip shield flow submodels differ in two important respects: (1) the radius of curvature of the
waste package is less than that of the drip shield; and (2) the nominal corrosion patch size as
modeled by WAPDEG (BSC 2004 [DIRS 169996]) is smaller for a waste package than for the
drip shield. These differences have no affect on the formulation of the waste package flow
model. However, they have an affect on the values of uncertainty parameters that are part of the
model. Because experiments were performed on a breached drip shield mock-up but not on a
breached waste package mock-up, application of drip shield data to the waste package flow
model introduces additional uncertainty in development of the model; however, these
uncertainties cannot be quantified.
The water flux through a breached waste package, F4 , as developed in Section 6.3.3.2, is
given by:
=min F2 NLl

where F2 is the flux through the breached drip shield.
rigorous expression:
NbItfe 11p

(1+ tana

F4= min

(Eq. 6.5.1.1.3-1)

frF,

This is a simplification of a more
f1
)fI.IF2],

(Eq. 6.5.1.1.3-2)

which explicitly accounts for the rivulet spread angle a. Because cr is an uncertainty parameter
itself, it can be lumped in with the parameter fl1.p to give fl.,. Equation 6.5.1.1.3-2 is
considered first in order to examine the dependence on ar.
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As with the drip shield model, the primary mechanism for water to enter breaches is via rivulet
flow that originates from an area around the point of drip impact. The rivulets spread out in a
delta formation from the point of impact defined by a half-angle, a, and the lateral spread of the
rivulet flow is given by 2x tan a, where x is the distance along the surface from the crown to the
top edge of the breach. The smaller radius of curvature of the waste package would be expected
to result in a smaller spread angle, although the difference may be lost in the variability and
uncertainty of rivulet flow. The radius of curvature of the drip shield is 1.40 m, whereas waste
package radii range from 0.859 m for a 21-PWR (BSC 2004 [DIRS 169472], Table 1) to 1.063 m
for a 5 DHLW/DOE SNF - Short (BSC 2004 [DIRS 169472], Table 1).
Rivulet spread measurements (DTNs: MO0207EBSATBWP.023 [DIRS 163402] and
MO0207EBSATBWP.025 [DIRS 163403]) at the 16.50 line, at the 330 line, and at the transition
line between the curved top surface and the vertical side of the drip shield mock-up are used.
The distance x from the drip location to the point of measurement is determined from the
drawing of the drip shield mock-up shown in Figure 4.1-1, which is reproduced from Howard
(2002 [DIRS 161516], p. 14); various dimensions used in analyzing the data are listed in
Table 6.5-1. The rivulet spread angle data are analyzed in Microsoft Excel spreadsheet: Flux
Split Waste Package Model, Worksheet: Spread angles, which is documented in Appendix D.
To capture some of the effect of the smaller radius, namely the steeper incline closer to the
crown, the data from drip locations that are off the crown of the smooth drip shield surface
experiments are used to develop parameters for the waste package model. Additionally, the drop
distance to drip locations that are off the crown was greater than for drips on the crown (2.17 m
to the crown, 2.22 m to the 16.50 line, and 2.31 m to the 330 line; BSC 2003 [DIRS 163406],
p. 6), which more closely mimics the greater drop distance from the drift to the waste package
compared with the drip shield surface. The results varied widely. In 20 measurements at
the 330 line with drips at the 16.50 line, the mean spread angle was 17.00 (±11.20 = one standard
deviation). In 17 measurements at the transition line with drips at the 16.50 line, the mean spread
angle was 11.10 (±4.10). In 10 measurements at the transition line with drips at the 330 line, the
mean spread angle was 11.50 (±3.30). For all 47 measurements the mean spread angle was 13.70
(±8.20), which is just slightly larger than the spread angle measured for drips on the crown of the
drip shield mock-up, although the variability is greater (standard deviation of 8.2', compared
with 4.10 for drips from the crown). Utilizing all of the data available, the spread angle for
rivulet flow on the waste package can be assigned a mean value of about 13.70 and a range
(± one standard deviation) from 5.50 to 22.00.
The splash distance is uncertain for drip locations off the crown. In four of the q(film) rivulet
flow tests, maximum lateral splash distances ranging from 56 cm to 122 cm from the
drip point were observed (DTN: MO0207EBSATBWP.023 [DIRS 163402]) for drip locations at
the 16.50 line. However, no further observations indicated any change in the "inner
cluster" splash distance range of 50 cm to 96 cm from Splash Radius Test #1
(DTN: MO0207EBSATBWP.022 [DIRS 163400]).
The parameter fl' is obtained from an analysis of experimental data for flow into breaches
in the drip shield mock-up from DTNs: MO0207EBSATBWP.023 [DIRS 163402] and
MO0207EBSATBWP.025 [DIRS 163403]. Analogous to the analysis of data for the drip shield
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flux splitting model in Section 6.5.1.1.2, values of fup, are computed. The flow data are
analyzed in Microsoft Excel spreadsheet: Flux Split Waste Package Model, Worksheet:
f calculations, which is documented in Appendix D. In Microsoft Excel spreadsheet: Flux Split
Waste Package Model, Worksheet: Summary, documented in Appendix D, tables analogous to
Tables 6.5-2 and 6.5-3 are presented.
An uncertainty factor f,,p that can be obtained by replacing the fraction F4 /F 2 with fexp,:

LIP

=

F4 /F 2
f
NTx.

I+ ta
,

I
(Eq. 6.5.1.1.3-3)

4-pt

f (i+ tanaj*
The range of values for fjp
maximum values of LwU and
patch used in the experiments
LIP, using Ljvp =50 cm and
0.295 for feLIP.
LIP = 6.784f•,

is obtained by evaluating it with the appropriate minimum and
a so as to minimize and maximize f;,p. The half-width of the
(f = 13.5 cm) is used to evaluate f~,p. The minimum value of
a = 22.00, is f;,,p = 3.081f"P, = 0.909 using the mean value of

The maximum value of f , p,
= 2.001

using L1,p =96 cm and a =5.5', is

using the mean value of 0.295 for fexp,•

A much lower range could also be justified by using the median inflow fraction of 0.014 instead
of the mean (0.295) to define f~.p. In this case, f1,,,p would range from 0.043 to 0.095, which
demonstrates the large degree of uncertainty in the experimental measurements and the resulting
flux splitting submodel.
The values for f,,p discussed in this section actually represent a range for the maximum value
of fl,p, since the minimum must be zero. If the factor (1 + /2 tan a) that accounts for the rivulet
spread angle is lumped in with f,,,p, the sampled uncertain factor f,' has an upper bound (using
the maximum rivulet spread angle, a = 220) of 2.41. The range for f,', to be used in TSPA-LA
is 0 to 2.41. The parameter fl,' is assigned a uniform distribution.
6.5.1.2

EBS Transport Model

The EBS transport model consists of mass balances on radionuclides. The transport model is
more complex than the flow model for two basic reasons. First, the transport model is
necessarily transient because the mass of each radionuclide at any particular location is
dependent on its history (i.e., how far it has traveled, the quantity remaining at the source, and
the extent of radioactive decay or ingrowth). Second, several complex interacting processes
occur in transport, including dissolution and precipitation, sorption, advective transport,
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diffusion, and colloid-facilitated transport. The term "colloid-facilitated transport" includes
numerous phenomena, including adsorption and desorption of radionuclides onto mobile and
immobile colloids, capture of colloids by solid surfaces and the air-water interface, filtering,
dispersion, and diffusion. Transport can take place at any degree of water saturation greater than
zero, so the model has to account for water saturation. Dissolution and precipitation may occur
at finite rates or sufficiently fast to reach equilibrium. Solubility limits that determine whether,
or to what extent, these processes occur are dependent on the chemical environment of the EBS.
The EBS transport model applies to the waste package, the invert, and the invert/UZ interface.
Mass Balance for Dissolved and Reversibly and Irreversibly Sorbed Radionuclides in the
Aqueous Phase
As with the flow model, the details of pore structure within the EBS are not important, and
macroscopic mass balances using phenomenological rate expressions are appropriate. The
starting point is the equation of continuity, or mass balance equation, for each dissolved
radionuclide species i (Bird et al. 1960 [DIRS 103524], p. 561):

P---= -V. J + Q + r(Eq.

6.5.1.2-1)

at
Here, pi is the mass concentration of dissolved radionuclide species i (kg i m- 3 bulk volume), J,
is the mass flux vector (or mass specific discharge) (kg m- 2 s-1) of dissolved radionuclide species
i in the mobile water phase and accounts for advection, hydrodynamic dispersion, and diffusion
of the dissolved radionuclide species i. The term Qj7 is the net rate on a bulk volume basis
(kg m- 3 s-1) of the various mass transfer processes, including reversible and irreversible sorption
onto solid stationary materials in the EBS, dissolution and precipitation, and the various
colloid-facilitated transport processes. The reaction term, r, accounts for radioactive decay and
ingrowth on a bulk volume basis (i.e., production by decay of the parent of i) (kg m- 3 s-I). Each
of these terms is expanded and described in more detail below, then simplified as appropriate for
application in the TSPA-LA model.
It is convenient to develop the transport model following the approach normally taken in the
literature (Corapcioglu and Jiang1993 [DIRS 105761], pp. 2217 to2219; Choi and
Corapcioglu 1997 [DIRS 161621], p. 306), with an emphasis on colloid-facilitated transport,
since the complexity of those processes tends to dominate the analysis. First, Equation 6.5.1.2-I
is rewritten in terms of concentrations of radionuclides in an unsaturated porous medium. The
density, or mass concentration, of dissolved radionuclide species i is given by:
p, = C, 0S.,
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where Ci is the concentration on a water volume basis of radionuclide species i (kg m-3), 0b is
the porosity (in3 void m- 3 bulk volume) of a representative elemental volume of EBS, and S,, is
the water saturation (mi3 water M- 3 void).
Equation 6.5.1.2-1, resulting in

at

The expression for p, is inserted into

- .Ji+ Qj' + r.
~i -V

(Eq. 6.5.1.2-3)

The concentration C, is constrained by the solubility limit, C.,, which is defined in Dissolved
ConcentrationLimits of Radioactive Elements (BSC 2005 [DIRS 174566], Table 8-3) for each of
14 elements (U, Np, Pu, Am, Ac, Th, Tc, C, I, Ra, Pa, Pb, Cs, and Sr). The solubility limits for
U, Np, Pu, Am, Ac, Th, and Pa are given as functions of pH, CO 2 fugacity, and
fluoride concentration.
The mass flux vector is expressed as
J, = -qOS.,DVC. + qwC 1 ,

(Eq. 6.5.1.2-4)

where Di is the hydrodynamic dispersion coefficient of species i (M 2 s-'), and q,, is the specific
discharge vector, or Darcy velocity, of water (m s-1). The specific discharge vector is related to
the water flow rates F. (m3 s-') in each pathwayj of the EBS flow model (Section 6.5.1.1) by:

q,,= Fj '

(Eq. 6.5.1.2-5)

A
where A is the spatially dependent cross sectional flow area within the pathwayj (in2 ), and i is a
unit vector in the direction of the flow path. Because of the complex flow geometry in the EBS,
assigning a value to A is not always straightforward; for example, for pathway 4
(Section 6.5.1.1), flow through the waste package, A can be the cross sectional area of corrosion
patches or some fraction of the cross sectional area of a waste package.
The hydrodynamic dispersion coefficient, D,, can be expressed in terms of two components
(Freeze and Cherry 1979 [DIRS 101173], pp. 389 to 390):
Di = cT + D,,j,

(Eq. 6.5.1.2-6)

where a is the dispersivity (in), T is the average interstitial water velocity (m s-1), and D,, is
the effective molecular diffusion coefficient (M 2 s-'), which implicitly includes the effects of
tortuosity. The dispersivity can be further broken down into lateral and longitudinal
dispersivities. However, the dispersivity in the EBS is ignored (see Section 6.3.1.2).
Consequently, the hydrodynamic dispersion is accounted for solely by molecular diffusion. The
free water diffusion coefficient for self-diffusion of water, D0 , is used as a bounding value of the
molecular diffusion coefficient for all radionuclides in the EBS. Modifications to the diffusion
coefficient for the porosity and saturation within the waste package are described in
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Section 6.3.4.3 The effects of concentrated solutions are ignored. Throughout the mathematical
description of the radionuclide transport, D, represents the effective diffusion coefficient for
species i.
The term Q2 (kg m-3 s-) in Equation 6.5.1.2-3 is expanded to account for individual
contributions of different processes to radionuclide transport:
-7)
-" ± oi -oe
•e
,•,
Q['•
Q• Qa Qire~p-Q•
(Eq. 6.5.1.2-7)
- Qimt
-, Qciw
QirV Qi,'
9, = - Qip-ei 7 __
The first term is the source term, Qj, accounting for the rate of dissolution of species i, and
Qiprecip is the rate of precipitation of species i. If the concentration of species i is below the
solubility limit, then Qiped, = 0; otherwise, the precipitation rate is determined from the mass
balance so as to honor the solubility limit.
The next six terms in Equation 6.5.1.2-7 account for sorption-related processes. Q97'is the net
rate of reversible sorption of radionuclide species i onto the stationary solid matrix (internal
waste package corrosion products and invert matrix). Q'.'" is the rate of irreversible sorption of
radionuclide species i onto the stationary solid matrix (internal waste package corrosion
products). Q[• is the net rate of reversible sorption of radionuclide species i onto mobile colloid
surfaces. Development of this term requires assumptions regarding the reversibility of
radionuclide sorption onto colloids and is discussed below. Q,'Z" is the rate of irreversible
sorption of radionuclide species i onto mobile colloid surfaces.
The terms Q;, and Q•"c are the net rates of sorption of radionuclide species i onto immobile
colloid surfaces captured by the stationary solid matrix and by the air-water interface,
respectively. Wan and Wilson (1994 [DIRS 124994]) found that "particle transport was
tremendously retarded by the air-water interface acting as a strong sorption phase" (Choi and
Corapcioglu 1997 [DIRS 161621], p. 301). However, as a bounding assumption (BSC 2004
[DIRS 170025], Assumption 5.4), sorption by the air-water interface is assumed not to occur
(Q9",' = 0). Distribution coefficients for sorption onto the stationary solid matrix and onto
immobile colloid surfaces will generally be different. However, it is difficult to distinguish
among various types of matrixes and immobile colloids. Therefore, no distinction is made, and
the term Q9, (sorption onto immobile colloids) is lumped in with Q97 or Q97"' (sorption onto
the stationary solid matrix). Sorption and retardation in the waste package are discussed in more
detail in Section 6.3.4.2.
The term Qim, is the net rate of interface transfer of dissolved mass between the continua in a
dual continuum. The sign of this transfer term is determined by the sign of the concentration
difference between the media and which medium is associated with the mass balance equation.
This term is included even though it is zero in the single-continuum domains that represent the
EBS in the EBS RT Abstraction in order to keep the mass balance equations as generally
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applicable as possible. In particular, the equations apply in the dual-continuum invert model
presented as an alternative conceptual model in Section 6.6.4.
The term Q",,, d is the rate of mass conversion from dissolved state to embedded state onto waste
form colloids for radionuclide species i. Radionuclides become embedded only in waste form
colloids, not in iron oxyhydroxide or groundwater colloids. The conversion rate to embedded
species is represented by a first order conversion of the species in solution:

Qembed

=

S

(Eq. 6.5.1.2-8)

mbed ci

where is the X'bcd
is the first order rate constant (s-1) for mass conversion from the dissolved
2

state to the embedded state onto waste form colloids for radionuclide species i.
Ingrowth and decay are expressed as:
r, = Aiprip"SwCP -2Al/,C,.

(Eq. 6.5.1.2-9)

Ingrowth is the production of radionuclide species i by the decay of its parent species and occurs
at a rate proportional to the concentration of the parent, Cqp (kg m- 3), and the parent species
decay constant, Aip (s-1).
radionuclide by:

The decay constant is related to the half-life, tI2,,p (s), of the

Ai, = ln(2)

(Eq. 6.5.1.2-10)

t12,ip

The term r,ý" in the production rate is the dimensionless ratio of the mass (kg) of species i
produced by decay of the parent species to the mass (kg) of the parent species lost by decay.
This is equal to the ratio of the atomic weight of species i to that of its parent. Similarly,
species i is lost by decay at a rate AJC, (kg m-3 s-1), where Ai is the decay constant for species i
(s'1), defined analogously to Aip.
Transport of dissolved and reversibly sorbed radionuclide species i in the aqueous phase is then
given by:

at

1

v'(OSwDVC.) - V ' q,,,C
V+ QOd - Qi,,p -rQ7

+-Q,,,,,-Qe,;bed +

- Qirrev

- Qrev -Qrrev

(Eq. 6.5.1.2-11)

cA-,c,),

which is essentially identical to Equations 19 and 20 by Choi and Corapcioglu (1997
[DIRS 161621], p. 306), with the addition of decay and ingrowth terms and a dissolution source
term, Q•,d. A further modification of the equations by Choi and Corapcioglu involves the
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diffusive term, V. (-AS"DjVCj),which Choi and Corapcioglu write as V [DiV(qS Cj)]. This
form of the term incorrectly allows diffusion to occur in the absence of a concentration gradient
as long as the water content, S,, varies.
The source term for radionuclide species i reversibly sorbed onto the stationary solid matrix
(corrosion products or invert matrix) is given by:
Qrev

= a(PbKdtic._pb(2MpKdis Ci

at

r

-

AiKdis Ci),

(Eq. 6.5.1.2-12)

isi

where Pb is the dry bulk density of the stationary solid matrix (kg m- 3 bulk volume). A linear
adsorption isotherm is used for the relationship between the aqueous and solid phase equilibrium
concentration, expressed in terms of a sorption distribution coefficient of the dissolved species i,
Kdi, (Mi3 water kg-i solid [usually reported in units of ml g-1]).
Kdj, depends both on the
radionuclide species i being sorbed and on the solid substrate, either stationary iron
oxyhydroxide corrosion products or invert material or both, in this case. As a bounding
approach, no credit is taken for retardation due to reversible sorption of radionuclides on
stationary waste package corrosion products. Thus, sorption distribution coefficients for
stationary corrosion products are set to zero for all radionuclides. Nonzero Kd values for
stationary corrosion products constitute an alternative conceptual model described in
Section 6.6.6.
The source term for radionuclide species i irreversibly sorbed onto the stationary solid iron
oxyhydroxide corrosion products is given by:
(Eq. 6.5.1.2-13)

QWirev = Pb-cpkjCj,

where -cp is the specific surface area of iron oxyhydroxide corrosion products [m2 CP kg' CP],
and ki is the irreversible forward rate constant (mi3 water m- 2 CP s-1). The reaction is modeled
as first order in the solution concentration.
The source term for radionuclide species i reversibly sorbed onto the mobile colloids is given by:
=-[-Sw
=rev

(KdcIf.FCcI.F+

KdWFeOrCcFeOt + KdGIV CCGI,

)ci]
(Eq. 6.5.1.2-14)

+V "(JkIF+ JicFeOx + JcGIV)
- S.

ip iA

CPIpVF +

IFeOx,

CicGII' /

Ai (CMT
F

CicFeOr +

icG~IV I

where CicijF, CcFeo,, and Cio,,G are the concentrations on a water volume basis of radionuclide
species i reversibly sorbed onto the mobile waste form, iron oxyhydroxide (FeOx), and
groundwater (GW) colloids, respectively (kg i m-3 water). The subscript ip refers to the parent
of radionuclide species i. The terms Cc,,;,, CcFeOX and CcG,, are the concentrations on a water
volume basis of mobile waste form, iron oxyhydroxide, and groundwater colloids, respectively
(kg colloid m- 3 water). The Kd values of radionuclide species i for the respective colloids are
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•Kdkl'FKdicFeox' and

KdicGl'

(typical units:

ml g-).

The right side of the first line of

Equation 6.5.1.2-14 accounts for the accumulation of radionuclide species i reversibly sorbed to
colloids. The second line of Equation 6.5.1.2-14 accounts for movement by advection and
diffusion of radionuclide species i reversibly sorbed to colloids. The third line of Equation
6.5.1.2-14 accounts for production or loss of radionuclide species i reversibly sorbed to colloids
by ingrowth and decay.

The vectors for mass fluxes of colloids,

JIcIT', JkcFeOr, and JGIV',

)+

Jic1F'F =,/-SwDcV(KdiciTCcITCi
JicFOX

are:

q.,KdicFCc,'FCi

C + qCKd Fe.,CocFOxC•
= -OSDcV(Kdieo.Cco•Cj)

)+ qvKdc,'CcG1 VC,

JicGW ==-S",DcV(KdicGJCcGVCi

(Eq. 6.5.1.2-15)
(Eq. 6.5.1.2-16)
(Eq. 6.5.1.2-17)

The source term for radionuclide species i irreversibly sorbed onto the mobile iron oxyhydroxide
corrosion products colloids is given by:

Qarrev = ?SwCCFeOrockC,,

(Eq. 6.5.1.2-18)

where Y' is the specific surface area of mobile corrosion products colloids (mi2 colloids kg'
colloids), and k, is the forward rate constant for irreversible sorption (mi3 water m- 2 FeOx
colloids s-1). The rate constant k, for mobile iron oxyhydroxide corrosion products colloids is
the same as for stationary iron oxyhydroxide corrosion products. The reaction is modeled as first
order in the solution concentration. Irreversible sorption onto mobile colloids occurs only onto
mobile iron oxyhydroxide corrosion products colloids, not onto mobile waste form or mobile
groundwater colloids. As discussed earlier, radionuclides may become embedded in waste form
colloids, which has a similar net effect as irreversible sorption but is modeled as a distinctly
separate process.
The term Qi,,,, is the net rate of interface transfer of dissolved and reversibly sorbed mass
between the continua in a dual continuum material (as in the dual continuum invert alternative
conceptual model; see Section 6.6.4) on a bulk volume basis (kg n- 3 s-']). It is given by
(Corapcioglu and Wang 1999 [DIRS 167464], p. 3265; Gerke and van Genuchten 1996
[DIRS 167466], p. 345):

Qimt = Yd
+

[(ci )intra - (Ci )inter]

Y. [(CK,,V)intra

-

(CicF,))inter

(Eq. 6.5.1.2-19)

" (CiFeO.)jintra - (icFeOX iter'j+ (CicGt) intra - (qCicG1V) interi
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In a single-continuum material, Qi,,, = 0. The dissolved and colloid mass transfer coefficients,
yd and yr, respectively, depend on which continuum the mass balance represents. For the
dissolved mass transfer term:
Yd = a0i,raSwira, for the intragranular mass balance,

Yd = a inS,rS, - in.

C

,

'inter-

•19inter

(Eq. 6.5.1.2-20)

for the intergranular mass balance, (Eq. 6.5.1.2-21)

,

where a is the first-order mass transfer coefficient (s-1) of the form:
=.

2

(Eq. 6.5.1.2-22)

eD

,8 is a dimensionless geometry-dependent coefficient, d is a characteristic length (m) of the
matrix structure (e.g., half the aggregate width or half the fracture spacing), and Die is an
effective diffusion coefficient (mi2 s-) that represents the diffusion properties of the interface
between the two continua for radionuclide species i. Because the intergranular continuum is
open pore space, diffusion is expected to be controlled by the diffusive properties of the
intragranular continuum. Thus, Die is taken to be the effective diffusion coefficient in the
intragranular continuum. The colloid coefficient y, is evaluated similarly to the dissolved
coefficient, but uses an effective colloid diffusion coefficient to evaluate a in
Equation 6.5.1.2-22. The mass transfer function between the two invert continua is described
in Section 6.6.4.1.
In a dual-continuum material, the intergranular porosity O.,f. and intragranular porosity 'intra are
defined as follows. Let VP be the total volume of pore space in the bulk material, which has a
total volume of V,. The intergranular pore space has a total volume designated by Vi,,,,r and a
pore volume of Vpinter * Similarly, the intragranular pore space has a total volume designated by
V,,r

and a pore volume of Vpinir.

VP = Vpinr-,r + Vi

nV
t

and V, = V, jinra

i+•,.r

The

porosities are defined as:
'lner

-

v,

(Eq. 6.5.1.2-23)

V.
V,

(Eq. 6.5.1.2-24)

P inter

and
i

=p-intra
--

The total bulk porosity of the material is:
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(Eq. 6.5.1.2-25)

V,

The parameter Winter is the ratio of the intergranular continuum volume to the total bulk volume:
Vt
Winter --

inter

(Eq. 6.5.1.2-26)

-

C1

Then
volume:

-

)in'ris the ratio of intragranular continuum volume to intergranular continuum

vnterme:

It
S--'Vinter

Vt

'Vinter

inter
V,

V- -

V

inter

Vinter
_
inter

V,

intra

V,

inter

(Eq. 6.5.1.2-27)

V.
Mass Balance for Irreversibly Adsorbed Radionuclides on Iron Oxyhydroxide Stationary
CorrosionProducts andMobile Colloids
The mass balance for irreversibly adsorbed radionuclides on mobile iron oxyhydroxide colloids,
which originate in the corrosion products, accounts for advection, diffusion, and decay and is
given by:

ak-

=

at

-V

Q,rev__
r FI''
Lk'
+it

where

-

.(ji'rre

i~~

rre

'

i Jint
p~~

)+ Qirrev,±Qi,7
(Eq. 6.5.1.2-28)

1

f__(irrev\
r
-\'ipcFeOxJ,-- itier
J

,

(Eq. 6.5.1.2-29)
irevrev
r~~

j(
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The quantity C[Fo is the concentration of radionuclide species i irreversibly adsorbed onto
mobile iron oxyhydroxide colloids on a water volume basis (kg i m- 3 water). The source term
for radionuclide species i irreversibly sorbed onto the mobile corrosion products colloids, QJ,-,
is given by Equation 6.5.1.2-18.
The mass balance for irreversibly adsorbed radionuclides onto stationary iron oxyhydroxide
corrosion products accounts for decay and is given by:

a(OswCJcpo!
rrev
U"

=Q

+O,
•

+

at

iprip

s (ip

Al
, .ipCPFeOx
irr., .,

2

'r",'e

CPFeOx'
eO.

(E
-31)
(q. 6.5.1.2-31

where c:,F;veo, is the concentration of radionuclide species i irreversibly adsorbed onto stationary
iron oxyhydroxide corrosion products on a water volume basis (kg i m- 3). The source term for
radionuclide species i irreversibly sorbed onto the solid stationary iron oxyhydroxide corrosion
products, Q.s", is given by Equation 6.5.1.2-13.
Mass Balancefor Waste Form ColloidParticles
The waste form colloids are generated in the waste form domain and are transported in
accordance with an advective/diffusive mass balance. The waste form colloid concentration is
subject to stability constraints based on the local domain chemistry. The iron oxyhydroxide and
ground water colloids both exist in the corrosion products and invert domains; their stability and
concentrations are dependent on the local domain chemistry (BSC 2004 [DIRS 170025]).
Because seepage brings the groundwater colloids into the EBS, it has the same concentration of
groundwater colloids whether seepage is entering the waste package or invert. Similarly, due to
the presence of steel in both waste package and invert it is reasonable for iron oxyhydroxide to
have the similar concentrations as well, if the colloids are stable under the local conditions.
Hence, no transport mass balance equations are required for iron oxyhydroxide and ground water
colloids. Since waste form colloids can only be generated in the waste form domain, it is
necessary to know how much of the waste form colloid mass has moved by advection and
diffusion into the corrosion product and invert domains. Thus, an advective/diffusive mass
balance must be applied to compute the waste form colloid mass in each of the downstream
domains. The stability for waste form colloids is checked in each domain, since they may be
stable in the corrosion product domain but precipitate in the invert domain.
The mass balance for waste form colloidal particles suspended in the aqueous phase can be
expressed as (Choi and Corapcioglu 1997 [DIRS 161621], p. 302):
•
at¢S

-

V .J

I,, - QcIr

-

QO,'F - Qc,,'Fg +QC,,,s ±-Q±v .

(Eq. 6.5.1.2-32)

at

The quantity C•,;, is the concentration of suspended waste form colloids in the aqueous phase
(kg waste form colloids m-3 water), and Jc,,F is the mass flux vector of waste form colloids
(kg m-2 s-). The term Qc,;'Ffg is the net rate of waste form colloid removal from suspension
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(kg m- 3 s-') by means of physical filtering (pore clogging, sieving, and straining) and by
gravitational settling. Physical filtering and gravitational settling are assumed not to occur
(Assumption 5.7). Thus, the term QcWFfg is neglected. The term QHT (kg m-3 s-1) is the net rate
of waste form colloid capture on the solid surface. Although colloid capture on the solid surface
is akin to sorption and a different process from physical filtration, the net effect is
indistinguishable from physical filtration, and it is also neglected (QC;'F = 0). The term QI ,F
(kg m-3 s-1) represents capture at the air-water interface; as mentioned earlier, this term is
neglected as a bounding assumption (BSC 2004 [DIRS 170025], Assumption 5.4).
With these assumptions, Equation 6.5.1.2-32 simplifies to:
W(SC
at

-)

-V. *JCT + Qc'rs ±QCII'Fnt,,.

(Eq. 6.5.1.2-33)

The source term, Qc,,J(kg m-3 S-), in Equation 6.5.1.2-33 represents the formation or
degradation of waste form colloids. Colloid formation may be rate limited, or it may be
instantaneous, with equilibrium between the colloids and their dissolved components. In either
case, colloid stability is strongly dependent on the chemical environment, specifically on the pH
and ionic strength of the aqueous phase. The colloid source term is the subject of Waste Form
and In-Drift Colloids-Associated Radionuclide Concentrations: Abstraction and Summnary
(BSC 2004 [DIRS 170025]), and is discussed further below.
The term QclT,,F, is the net rate of interface transfer of waste form colloidal mass between the
intergranular and intragranular continua in a dual continuum model, such as the dual continuum
invert alternative conceptual model (Section 6.6.4). For a single continuum, Qc;,F,, = 0. The
sign of this transfer term is determined by the sign of the waste form colloid concentration
difference between the media and which medium is associated with the mass balance equation.
This is analogous to the colloid transfer term in Equation 6.5.1.2-19:
O•,Fr,,, = 7c [(CC,,F)i,,,,ra - (CcIr)iner]"

(Eq. 6.5.1.2-34)

Since Equation 6.5.1.2-34 is for the waste form colloid particles themselves, as opposed to
radionuclides sorbed onto the particles, there are no decay or ingrowth terms.
The mass flux vector for waste form colloids is expressed as (Choi and Corapcioglu 1997
[DIRS 161621], p. 303, Equation 4):
Jc11T = JcB + JcA•D + qwCc,,r
= -iSwDBVCc,,,F - OS,,DA1DVCc,,.F + qwCcvF

(Eq. 6.5.1.2-35)

= -€lS,,DCVCcvr + q.Cc1,,,
where subscript B refers to Brownian diffusion, and MD refers to mechanical dispersion. The
mechanical dispersion and Brownian diffusion terms can be lumped together in a colloid
hydrodynamic dispersion term with a colloid dispersion or diffusion coefficient Dc (in 2 s-I).

ANL-WIS-PA-000001 REV 02

6-137

August 2005

EBS Radionuclide Transport Abstraction

The diffusion coefficient of colloids is estimated to be a factor of 100 less than that of the free
water diffusivity (Section 6.3.4.4) (i.e., D, =DOI/100). The mass balance on waste form colloid
particles, Equation 6.5.1.2-33, then becomes:

a(1scCýH.F)

~

=

at

V
±

)- V - (q COIT )+ Qcn'rs

DCVC

[(c'j;,)intra
k
-

(Eq. 6.5.1.2-36)

(CCIVF)infer]'

Mass Balancefor Embedded Mass on Waste Form Colloids
The mass balance for the radionuclide species i embedded on waste form colloids is:

a lsSý,C

imbed

=V

(oWD
vc

embed )

-

(qC

embed)

at

(Eq. 6.5.1.2-37)
+vA

~

•w•/•ip~
,I, r(ipeb
,'em
Cie bed

j
)-i
I"•;iem
+-'v
,•(Tmbed
.ebed

where Cem bende
Cmebed are the concentrations of species i and the parent of species i,
respectively, embedded on waste form colloids.
Summary of Mass Balances
Inserting the source terms into Equation 6.5.1.2-11 gives the equation for the transport of
radionuclides dissolved in the aqueous phase and reversibly sorbed:

at
+ V " {•/AS.DcV[(KdiCiTC•uT + KdicFeoCcrFeox+- K
- V

[q. (I + Kdie,,FCc,vF+ KKdicFeOx CcFeOr + KdicG;e,

+ Qid - Qiprecip - (Pb'CP +

V•SwCiFe Ox-)kC,

--

dicG;I CCGIV )Ci

]}

CCGJ )C,]

(Eq. 6.5.1.2-38)

¢S 2embedc,

± rd L(Ci )in.ra - (C, )inter]
± rc [(CYI F + CicFeOx + CicGI )intra - (CieIF + CicFeOx + CiCG;V )inter]

+ OS.[Ai4'RC,,p

-cR,,fi ],

where
Rfl =1+ pbKdi., + KdicJlFCc;F + KdicFeOxCcFeOx + KdicCGVCCGI ,,

(Eq. 6.5.1.2-39)

oS.i

and R.,~ is the corresponding factor for the parent species ip of radionuclide species i:

Rfp=I~ l+

pbdips +Kdic

CC,,F + KdPcFeO.CCFeO.,

+KdipcG;. CcGHi'

(Eq. 6.5.1.2-40)

OS.
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In Equation 6.5.1.2-38, the left side of the equation represents the accumulation of dissolved and
reversibly sorbed radionuclide species i. The term in brackets is the mass of species i present in
a unit bulk volume of EBS material, so the equation units are mass of species i per unit bulk
volume of EBS per time. The first term on the right side represents the rate of diffusion of
dissolved species i in the aqueous phase. The second term accounts for diffusion of mobile
colloids on which species i is adsorbed. The third term is the rate at which species i dissolved
mass and mass reversibly sorbed to mobile colloids is transported by advection. The fourth and
fifth terms represent the net rate of dissolution and precipitation of species i, respectively. The
sixth term is the conversion rate due to irreversible sorption on both iron oxyhydroxide stationary
corrosion products and colloids. The seventh term is the rate of irreversible capture of species i
by embedding in waste form colloids. The eighth and ninth terms represent respectively the
mass flux of dissolved and reversibly sorbed species i between the continua in a dual-continuum
material; for a single-continuum material, these terms are omitted. The last (tenth) term accounts
for ingrowth, or production of species i by decay of the parent of i, and decay of species i, as
dissolved species and as sorbed onto colloids and immobile matrix.
Inserting the source terms into Equation 6.5.1.2-28, the mass balance for irreversibly adsorbed
radionuclides on iron oxyhydroxide corrosion product colloids becomes:

: V "[Sw D V(CV , )]+

C

0S.

(q

Ci ±rc[(CrFr )intra,

(c:x)inter]

F'ex ,cki

+OS"(Ai
rp-

iF~x-

(Eq. 6.5.1.2-41)

~irrevIrrre
-A, CicFevOxJ

The term /S,,CcFeO.,SkwC, in Equation 6.5.1.2-41 couples this equation to Equation 6.5.1.2-38.
The mass balance for irreversibly adsorbed radionuclides onto stationary iron oxyhydroxide
corrosion products accounts for decay and is given by:
a(O isCirrev
aPck,

P

+Cj

'

1,( ,"irrev

,

.pCPrrex

-

irrc
Ci'CPýeOx).

(Eq. 6.5.1.2-42)

The source term in Equation 6.5.1.2-42, pb-7cpkbCS,couples this equation to Equation 6.5.1.2-38.
For a single continuum medium with no colloids or corrosion products present,
Equation 6.5.1.2-38 reduces to the conventional advection/diffusion transport equation (with
source and sink terms):
)- V ' (qwC,) + Qid a(OSRfcC J= V (OSwDVC

(Eq. 6.5.1.2-43)

a~t
A'
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with the conventional retardation factors for radionuclide species i and parent species ip,
respectively:
Rfl =1+

pbK--

(Eq. 6.5.1.2-44)

DbKdp• p

(Eq. 6.5.1.2-45)

and
R=p =1

Equations 6.5.1.2-38 (mass balance for dissolved and reversibly sorbed radionuclide species i),
6.5.1.2-41 (mass balance for radionuclide species i irreversibly sorbed onto iron oxyhydroxide
colloids) and 6.5.1.2-42 (mass balance radionuclide species i irreversibly sorbed onto stationary
iron oxyhydroxide corrosion products) are solved simultaneously for all radionuclides to obtain
the dependent variables, Ci',C1cro.,, and Cirric~pro, the concentration of dissolved radionuclide
species i, the concentration of species i irreversibly sorbed onto iron oxyhydroxide colloids, and
species i irreversibly sorbed onto stationary iron oxyhydroxide corrosion products, respectively.
The initial conditions are C, = CFox = Cjc~'o. = 0 for all i. Upstream of the waste form
domain, all radionuclide concentrations are zero. Consequently, the upstream boundary
maintains a zero flux condition. Radionuclide concentrations will remain zero until a waste
package failure occurs. A treatment of the zero concentration boundary within the UZ is
provided in Section 6.5.3.6. The radionuclides are released or mobilized within the waste form
domain. Flow is expected to be predominately downward. Then the resulting transport will be
in a downward direction from the waste form to the corrosion products, which will accumulate in
the bottom of the waste container. From the corrosion products, the radionuclides will migrate
down to the invert, and from there they will enter the UZ. The representation for the
radionuclide transport is consequently a one-dimensional mass balance equation for radionuclide
species. For the one-dimensional EBS radionuclide transport model (in the downward
+z-direction), the specific discharge (Darcy velocity) vector, q,,, is in the downward +z-direction
only and is denoted by q,, = q,.i, where i is a unit vector in the z-direction, and q,. is the scalar
specific discharge in the z-direction (zero in the other two directions). In one dimension, the
mass balance equations can be written as scalar equations and are summarized as follows.
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The one-dimensional mass balance equation describing transport of dissolved and reversibly
sorbed radionuclide species i (from Equation 6.5.1.2-38) is:

+

-

a' ( 1

az

a

az

D,,,
-Dz[(Kdi,,TC,,,,IT
+ KdiFOrCCFOr
a%

Ca

[quz (l+KdC,,.FC,,,T +K

+ Qd

-

QipreCip

± rd [(c,)inra

-

die.eOxCFeoC+ Kdi cG,.CG;I,)C,]

(PbyCcp + OSWCCFe.O'yC)kiCi -

-(c,

+OKdiG,
CCGs,%)C]

(Eq. 6.5.1.2-46)

OS.2,mbedC,

)I

± Yc[(c,,iT + CicFeOx + c•,,),nra

-

(cO,,T + CicFeO. + CicG,•,)Ier]

c].

+ OC[Ar"

,,PP I1R,,C

Similarly, the one-dimensional mass balance equation for irreversibly sorbed radionuclide
species i on mobile iron oxyhydroxide colloids (from Equation 6.5.1.2-41) is:

a(O

-rriev

k8FeOx

aa
+

ataz

~e " a q
S,,,C o a' CC•+
r. , a (q

) az
+•'SeCce..kvC.o+

, o-,
-2iw

+

,ex

,,. y[((CGcre

)ine ]

(Eq. 6.5.1.2-47)

o1C:).

The one-dimensional mass balance equation for irreversibly sorbed radionuclide species i on
stationary iron oxyhydroxide corrosion products is the same as Equation 6.5.1.2-42, since there
is no advection or diffusion of corrosion products:

asc,; 0

at

)-PSCkC+

CJeO~r
"S,2g~
-A, Cfii~e
0.O

A Ycpk Ci + O . wAi, rp .,e

The one-dimensional mass balance equation for waste
Equation 6.5.1.2-36) is:

o(S.c.,.•

(Eq) 6.5.1.2-48)
(Eq.

form colloid transport (from

CC,,,)-z(q,,_CcoT)

at

Oz
+

-z

,Qci;Ts
±-[(Cc,•),,a

-

(Eq. 6.5.1.2-49)

(cIFT I),nter].

Within the waste package, the media supporting transport are represented as single continua. In
the UZ, however, the bulk medium is conceptualized as a dual continuum, characterized by two
sets of local-scale properties unique to each continuum. Transport in the dual continuum media
is represented by a mass balance equation for each continuum. The single invert continuum
interfaces a dual continuum (fracture/matrix) UZ medium. Advective transport from the invert
enters both the UZ fracture and matrix continua.
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The diffusive fluxes to the dual UZ continua are determined from the continuity of flux at the
interface. This requirement states that the diffusive flux exiting the invert domain is equal to the
sum of the diffusive fluxes entering the two UZ continua. The diffusive flux split will depend on
the diffusive properties in the invert domain and both UZ continua together with the
concentration gradients across the interface.
For discussion of the diffusive flux treatment at the invert/UZ interface consider a diffusive flux
term, either aqueous or colloid flux, within the transport mass balance equation. Let zine.ce
denote the spatial location of the invert/UZ interface. Then for z < zi,,e¢fce, the diffusive flux for
radionuclide species i at a location within the invert domain is:
0zS, DJ

'?fiLý

(Eq. 6.5.1.2-50)

where 51 is the porosity of the single-continuum invert domain.
For z > zin,erceI the diffusive fluxes within the UZ matrix and UZ fracture continua are,
respectively,
aC'm
-nS..Di.

OC¢

(Eq. 6.5.1.2-51)

(Eq. 6.5.1.2-52)

az

For the case with no advection, the mass transport via diffusion across this interface is coupled
by the flux continuity condition at the interface:

01zS..jDjl=q5.S..D.

c

+

sc ac¢
az,

(Eq. 6.5.1.2-53)

where

a
and a
a

Oaz+

az-

are the derivative from above and the derivative from below, respectively, at the interface.
The waste form colloids are generated in the waste form domain and are transported in
accordance with an advective/diffusive mass balance. The waste form colloid concentration is
subject to stability constraints based on the local domain chemistry. The waste form colloids
transport both reversibly sorbed radionuclide mass and embedded (irreversibly sorbed)
radionuclide mass. The iron oxyhydroxide colloids exist in the corrosion products and invert
domains, and their concentrations are dependent on the local domain chemistry. The iron
oxyhydroxide colloids transport both reversibly sorbed and irreversibly sorbed radionuclide
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mass; the irreversibly sorbed radionuclides are sorbed onto the surface of these colloids, rather
than being embedded within the colloid matrix, as are the radionuclides associated with the
waste form colloids. The ground water colloids exist in the corrosion products and invert
domains, and their concentrations are dependent on the local domain chemistry. The ground
water colloids transport only reversibly sorbed radionuclide mass. The iron oxyhydroxide
corrosion products are immobile and found only in the corrosion products domain. These
corrosion products support both reversibly sorbed and irreversibly sorbed radionuclide mass;
however, as a bounding approach, reversible sorption is ignored by setting the Kd values to zero
(BSC 2005 [DIRS 174695]). Since corrosion products are immobile, all radionuclide mass
sorbed to corrosion products is not transported but is retarded.
All of the features of the EBS radionuclide transport abstraction are accounted for in
Equations 6.5.1.2-38, 6.5.1.2-36, 6.5.1.2-41, and 6.5.1.2-42 (or the one-dimensional versions of
these equations, Equations 6.5.1.2-46, 6.5.1.2-49, 6.5.1.2-47, and 6.5.1.2-48, respectively),
including invert diffusion, retardation in the waste package, in-package diffusion, and transport
facilitated by reversible and irreversible colloids. Implementation of these equations into
TSPA-LA involves additional simplifications and restrictions that are discussed in Section 6.5.3.
6.5.1.3

Nomenclature

Symbols used in Sections 6, 7, and 8 are summarized in Table 6.5-5.
Table 6.5-5. Nomenclature
Variable

Definition

Units

Where First Used

A

Cross sectional area of diffusive or flow pathway

m2

Eq. 6.5.1.2-5

Ji

Diffusive area of UZ fracture cell

m2

Eq. 6.5.3.5-21

Ag

Surface area of crushed tuff granule

m2

Section 6.6.4.1

Al

Invert cross sectional area (circle segment)

m2

Eq. 6.5.3.3-2

Al

Diffusive area of invert cell

m2

Eq. 6.5.3.5-21

A

Intercepted
flow area of a drift over the length of
one waste package

m2

Eq. 6.5.3.3-12

Diffusive area between invert and UZ cells

m2

Eq. 6.5.3.3-4

Am

Diffusive area of UZ matrix cell

m2

Eq. 6.5.3.5-21

A.,,,

Cross sectional area of stress corrosion crack

cm 2

Eq. 6.6.2-8

Effective cross sectional area of stress corrosion

cm 2

Section 6.6.2

Auz

Projected area of UZ normal to vertical flux

m2

Eq. 6.5.3.6-1

A,
a

Cross sectional area of water molecule

m2

4.1-9;
Table
Eq. 6.3.4.3.2-6

One-half the length of a stress corrosion crack

m

Eq. 6.3.3.1-1

a

Constant in equation for binary diffusion
coefficient
Empirical parameter in Archie's law

dimensionless

Eq. 6.6.2-6

dimensionless

Eq. 6.3.4.1.1-1

AJiuz

a
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Table 6.5-5. Nomenclature (Continued)
Variable

Definition

Units

ag

Effective length of tuff granule matrix pore system

m

Section 6.6.4.1

b

One-half the stress corrosion crack gap width

m

Section 6.3.3.1.2.1

b

Exponent in equation for binary diffusion
coefficient

dimensionless

Eq. 6.6.2-6

b

Slope of the InV/versus In0curve

dimensionless

Eq. 6.6.5.1-2

colloids

Concentration of mobile iron oxyhydroxide (FeOx)

kg m-3

Eq. 6.5.1.2-14

CcG,

Concentration of mobile groundwater (GW)
colloids

kg m

Eq. 6.5.1.2-14

CC;,T

Concentration of mobile waste form colloids

kg m

Eq. 6.5.1.2-14

Concentration of radionuclide species i

kg m-

Eq. 6.5.1.2-2

Concentration of radionuclide species i embedded
on waste form colloids

kg m 3Eq.

Concentration of radionuclide species i in the
invert cell

kg m3

Eq. 6.5.3.5-11

Concentration of radionuclide species i at the
interface between the invert and UZ cells

kg m-3

Eq. 6.5.3.5-11

C,
f~

Concentration
of radionuclide species I in the UZ
fracture cell

kg m3

Eq. 6.5.3.5-12

Cim

Concentration of radionuclide species i in the UZ
matrix cell
"New" input concentration of radionuclide species

kg m-3

Eq. 6.5.3.5-13

kg m

Eq. 6.6.1.2.1-1

Ci,od

"Old" input concentration of radionuclide species i

kg m-3

Eq. 6.6.1.2.1-1

Cembed
P

Concentration
of parent ip of radionuclide species
i embedded on waste form colloids

kg m3

Eq. 6.5.1.2-37

CcFeOx

Concentration of radionuclide species i sorbed
onto mobile iron oxyhydroxide (FeOx) colloids
Concentration of radionuclide species i
irreversibly adsorbed onto iron oxyhydroxide

kg m3

Eq. 6.5.1.2-14

kg m-3

Eq. 6.5.1.2-28

CcFeOx

Ci
Ciembed
c,,
C/f

Cirrev

CicFeOx

kgEq._6.5.1.2-37

Where First Used

6.5.1.2-37

(FeOx) colloids
______

Ccp

Concentration of radionuclide species i sorbed
onto mobile GW colloids
Concentration of dissolved radionuclide species ikg
in corrosion products domain or cell

Concentration of radionuclide species i
irreversibly adsorbed onto iron oxyhydroxide
corrosion products
Concentration of radionuclide species i at the
Cicinvint interface between the corrosion products and
iCcPeO.

M-3

kg

Eq. 6.5.1.2-14
m

Eq. 6.5.1.2-50

kg m-3

Eq. 6.5.1.2-31

kg m-3

Eq. 6.5.3.5-7

invert cells

CliClF

Concentration of radionuclide
onto mobile waste form colloidsspecies i sorbed

kg m

Eq. 6.5.1.2-14

Cii, ter

Concentration
of dissolved
radionuclide species i
in invert intergranular
continuum

kg m3

Eq. 6.5.1.2-51

jinfra

Concentration
of dissolved
radionuclide species i
in invert intragranular
continuum

kg m-3

Eq. 6.5.1.2-52
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Table 6.5-5. Nomenclature (Continued)
Definition
Concentration of parent ip of radionuclide
species I
Concentration of parent ip of radionuclide species
i sorbed onto mobile iron oxyhydroxide (FeOx)
colloids
Concentration of parent ip of radionuclide species
i irreversibly adsorbed onto iron oxyhydroxide

Units
kg m-

Where First Used
Eq. 6.5.1.2-9

kg m-3

Eq. 6.5.1.2-14

kg m-3

Eq. 6.5.1.2-28

Concentration
of parent
ip of
radionuclide species
(GW)
colloids
i sorbed onto mobile

kg m3

Eq. 6.5.1.2-14

Concentration of parent ip of radionuclide species
ipcPFeOv i irreversibly adsorbed onto iron oxyhydroxide

kg m-3

Eq. 6.5.1.2-31

corrosion products
Concentration of parent ip of radionuclide species

kg m-3

Eq. 6.5.1.2-14

Variable
Cip
CipCFeOX
Cirrev

ipcFeOx
C OGI

CipcJF

(FeOx) colloids

i sorbed onto mobile waste form colloids

c,,

Maximum concentration (solubility limit) of

kg m-

Eq. 6.6.1.1.2-1

kg m-

Eq. 6.6.1.2.2-9

CsIiold

Maximum concentration (solubility limit) of
radionuclide species i in "new" chemistry
Maximum concentration (solubility limit) of

kg m-

Eq. 6.6.1.2.2-9

radionuclide species i in "old" chemistry

kgm-3_Eq._6.6.1.2.2-9

radionuclide species ikgm-3Eq._6.6.1.1.2-1

COV

Coefficient of variance [= o(x)IE(x)]

dimensionless

Table 6.6-5

C02

Molar concentration of oxygen in air

mol cm"3

Eq. 6.6.3-2

C,,

Molar concentration of water vapor in air

mol cm-3

Eq. 6.6.2-5

Concentration of radionuclide species i

mol mi1

Eq. 6.3.4.1.1-10

DAB

Binary diffusion coefficient

cm 2

Eq. 6.6.2-6

DB

Diffusion coefficient for Brownian motion

cm 2 s-1

Eq. 6.5.1.2-35

m2 s-1
3 -1

Eq. 6.5.1.2-35
Eq. 6.5.3.5-6

cm

D~cB/C
-

Colloid dispersion or diffusion coefficient
Interface diffusive conductance between cell A
and cellB
Interface diffusive conductance between cell B
and cell C

3

Eq. 6.5.3.5-8

Dc
0 11

Colloid diffusion coefficient

m2 s-1

Eq. 6.3.4.4-1

Dcp

Diffusion coefficient in corrosion products domain

cm 2 s-1

Eq. 6.6.4-1

DCP

Diffusive conductance in corrosion products cell

cm 3 s-1

Eq. 6.6.4.2-1

between corrosion
Diffusive conductance
products cell and corrosion products interface cell

cm s

3

Eq. 6.6.4.2-15

3

Eq. 6.6.4.2-16

C,

Dc
D~~c A/B

-

1CF-lj,

Diffusive conductance between corrosion
products
interface cell and invert intergranular cell

*

Diffusive conductance between corrosion

_________

cPl,,,,r

s-1

cm s

cm s3

products interface cell and invert intragranular cell

cm s

Effective diffusive conductance between corrosion
products cell and invert intergranular cell

cm
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Table 6.5-5. Nomenclature (Continued)
Variable
cPli,,r°

Definition
Effective diffusive conductance between corrosion
products cell and invert intragranular cell
Effective diffusive conductance between
intragranular and invert intergranular cells

Units
cms3 S-

De

Effective diffusion coefficient

cm2 s-1

Eq. 6.5.1.2-22

Df

Effective
diffusion coefficient within the UZ
fracture cell

cm2 s-

Eq. 6.5.3.5-12

D,

Effective diffusion coefficient within the invert cell

cm2 s-1

Eq. 6.3.4.1.1-18

Df

Effective diffusive conductance between invert
cell and UZ fracture cell

cm3

Dim

Effective diffusive conductance between invert
cell and UZ matrix cell

cm3

Diffusive conductance between the invert cell and
the invert interface cell

cm

JD/-inlf

Diffusive conductance between the invert
interface cell and the UZ fracture cell

cm s-

Dintim

Diffusive conductance between the invert
interface cell and the UZ matrix cell

cm s-

cm

3

Where First Used
Eq. 6.6.4.2-9

-

E
Eq. 6.5.3.5-18

3
3

Eq. 6.6.4.2-10

-

Eq. 6.5.3.5-19

E

3
3

Eq. 6.5.3.5-25
1

3

Eq. 6.5.3.5-26
6
Eq. 6.5.3.5-27

Di

Diffusion coefficient of species i

m2 s-1

Eq. 6.3.4.1.1-10

Di

Hydrodynamic dispersion coefficient, or effective
diffusion coefficient, of radionuclide species i
Effective diffusion coefficient of the interface
between two continua for radionuclide species if

m2 s"1

Eq. 6.5.1.2-4

m2 s1

Eq. 6.5.1.2-22

D.
ie

D,,,,er

Diffusion coefficient for invert intergranular
continuum

cm2 s-.

Eq. 6.6.4-2

Dinter

Diffusive conductance in invert intergranular cell

cm 3 s-I

Eq. 6.6.4.2-2

cm 3 s-I

Eq. 6.6.4.2-19

cm3 s-1

Eq. 6.6.4.2-23

3 -1

Eq. 6.6.4.2-24

Diffusive conductance between the invert
intergranular cell and the invert intergranular
interface cell
Diffusive conductance between the invert
intergranular cell and the invert intragranular
interface cell

,

,

Diffusive conductance between the invert
intergranular cell and the UZ fracture cell
Diffusion coefficient for invert intragranular

DinIra
Dintra

cm s

continuum

cm 2 s

Eq. 6.6.4-3

Diffusive conductance in invert intragranular cell

cm3 s-

Eq. 6.6.4.2-3

,

Diffusive conductance between the invert
intragranular cell and the UZ matrix cell
Diffusive conductance between the invert
A,,,MI_1,intragranular cell and the invert intragranular
interface cell
/•,,rrmU• 1 ~fintragranular
Diffusive conductance
between
cell and the
UZ fracture
cell
the invert
D,,

nif

3 -1

Eq. 6.6.4.2-21

cm s
cm 3 s-1

Eq. 6.6.4.2-20

c3s•
3 '

E.66422
Eq. 6.6.4.2-22

ce lEffective diffusion coefficient within the UZ matrix

cm2 s-1
4

E.653-1

Effective diffusive conductance between UZ
fracture and matrix cells

cm s

Dm cellcms
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Table 6.5-5. Nomenclature (Continued)
Variable

Definition

Units

Where First Used

D10 ,,

Ion diffusion coefficient

Dii,,,i

Diffusion coefficient measurement limit

cm 2

DUD

Mechanical dispersion coefficient

cm 2 s-1

Eq. 6.5.1.2-35

Dmi

Molecular diffusion coefficient of species i

m2 s-1

Eq. 6.5.1.2-6

D,,s

Diffusion coefficient for saturated tuff matrix

cm 2 s-1

Eq. 6.5.3.6-2

D,

Effective diffusion coefficient

m2

s-1

Eq. 6.3.4.3.5-1

DT

Diffusion coefficient at temperature T

m2 s-1

Eq. 6.3.4.1.2-1

D TO

Diffusion coefficient at temperature To

m2 s-1

Eq. 6.3.4.1.2-1

D;VF

Diffusion coefficient in waste form domain

cm 2 s-1

Table 8.2-1

Do

Free water diffusion coefficient

m2 S 1

Eq. 6.3.4.1.1-10

D*

cm2 s-1

Table 7.2-1, footnote a

d

Molecular diffusion coefficient
Depth of stress corrosion crack

d

m2 s-1
s- 1

Eq. 6.3.4.4-1

Eq. 6.6.5.2-5

m

Figure 6.3-3

Characteristic length of the tuff matrix structure

m

Eq. 6.5.1.2-22

dD

Diameter of drift

m

Eq. 6.5.3.6-1

dg

Geometric particle diameter

mm

Eq. 6.6.5.1-3

Modulus of elasticity

Pa

E
E(x)

Expected value of the

Kd

distribution

ml g-

e
e

Elementary charge
Natural logarithm base

F

Faraday constant

F

drip shield or waste
seepage
fluxa onto
Fraction
package of
that
flows into
breach
Radionuclide release rate from waste package in
alternative patch geometry model
Diffusive flux of radionuclide species i in corrosion

F
all

F

,

Eq. 6.3.3.1-1
1

C
dimensionless

products cell

Table 6.6-5
Table 7.2-1, footnote a
Eq. 6.3.4.3.2-2

C mol-1

Eq. 6.3.4.1.1.-6

dimensionless
kq
kg
gsE

Eq. 6.5.1.1.2-7
1
Eq. 6.6.1.2.3-2

kg sEq.

6.6.4.2-1

F if

Diffusive
fluxes
UZ fracture
cell of radionuclide species iwithin the

kg s

Eq. 6.5.3.5-12

F

Diffusive fluxes of radionuclide species i within the
invert cell
Diffusive flux of radionuclide species i in invert

kg s'

Eq. 6.5.3.5-11

intergranular cell

kg s;

Eq. 6.6.4.2-2

Diffusive flux of radionuclide species i in invert
intragranular cell
Diffusive fluxes of radionuclide species i within the

kg s

Eq. 6.6.4.2-3

UZ matrix cell

kg s;

Eq. 6.5.3.5

Volumetric flow rate or flux of water in flow path j

m3 s

Table 6.3-1; Eq. 6.5.1.1-5

il

F
'jinfra

F
F

(_I__
= I to 8)
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Table 6.5-5. Nomenclature (Continued)
Variable

Definition

Units

Fpri

Radionuclide release rate from waste package in
patch geometry model

kg s

________primary

dimensionless

Where First Used
Eq. 6.6.1.2.3-1
Section 6.3.4.1.1

FR

Formation factor

Fw

Volumetric flow rate of water

fat

Theoretical fraction of dripping flux falling at Point
Y<yA that flows into a drip shield breach
Theoretical fraction of dripping flux falling between
Points -1 and B that flows into a drip shield breach

dimensionless

Eq. 6.5.1.1.2-2

dimensionless

Eq. 6.5.1.1.2-2

Theoretical
a
fraction of dripping flux falling at Point
B that flows into a drip shield breach
Theoretical fraction of dripping flux falling between
Points C and +1 that flows into a drip shield breach
Calculated fraction of dripping flux that flows into
a drip shield breach

dimensionless

Uncertain drip shield flux splitting factor
Sampled drip shield flux splitting factor that
accounts for rivulet spread angle uncertainty
Theoretical fraction of dripping flux falling at Point
Y>YD that flows into a drip shield breach
Experimentally measured fraction of dripping flux

fAfB
_________

fc
fDs

fLsS

fo+

m3 s-1

Eq. 6.5.1.1-4

Eq. 6.5.1.1.2-14
___________

dimensionless

Eq. 6.5.1.1.2-5

dimensionless

Section 6.5.1.1.2.4

dimensionless
dimensionless

Eq. 6.3.2.4-2
Eq. 6.3.2.4-5

dimensionless

Eq. 6.5.1.1.2-6

dieninlss

E._.511.-

dimensionless

Section 6.5.1.1.2.4

that flows into a drip shield breach

Percentage of high-affinity sites for goethite

percent

Eq. 6.3.4.2.3.2-1

Percentage of high-affinity sites for HFO
Theoretical fraction of dripping flux falling between
Points -1 and B that flows into a drip shield breach
Theoretical fraction of dripping flux falling between
Points -1 and D that flows into a drip shield breach

percent

Eq. 6.3.4.2.3.2-1

dimensionless

Eq. 6.5.1.1.2-3

dimensionless

Eq. 6.5.1.1.2-6

fVD

Model validation uncertain drip shield flux splitting

dimensionless

Eq. 7.1.1.1-1

f•D

Model validation sampled drip shield flux splitting
factor that accounts for rivulet spread angle
uncertainty
Model validation uncertain waste package flux

dimensionless

Eq. 7.1.1.1-3

dimensionless

Eq. 7.1.1.2-1

fi,

Model validation sampled waste package flux
splitting factor that accounts for rivulet spread
angle uncertainty

dimensionless

Eq. 7.1.1.2-3

flp

Uncertain waste package flux splitting factor

dimensionless

Eq. 6.3.3.2-1

fT,

Sampled waste package flux splitting factor
Theoretical fraction of dripping flux falling between

dimensionless
dimensionless

Eq. 6.3.3.2-3
Eq. 6.5.1.1.2-4

fAA,G

flA,,,Fo
f
feD

f.;,

splitting factor

Points B and C that flows into a drip shield breach

___________Eq._6..1.1.

G,

Conductance of bulk porous medium

S

Eq. 6.3.4.1.1-5

G,

Conductance of water

S

Eq. 6.3.4.1.1-5
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Table 6.5-5. Nomenclature (Continued)

H,
Hmoi
1

Units

Definition

Variable

kg kg-

Absolute humidity of air

Where First Used
1

mol mo1-1

Molal humidity of air

Eq. 6.6.2-4

m m- 1

Eq. 6.5.3.3-12

dimensionless

Eq. 6.5.1.2-5

kg m-2 S-1

Eq. 6.5.1.2-35

Hydraulic head gradient in the invert
Unit vector in the x-direction or the direction of
flow
Mass flux of waste form colloids due to Brownian

Eq. 6.6.2-3

JWD

Mass flux of waste form colloids due to
mechanical dispersion

kg m- s

Eq. 6.5.1.2-35

JC11T

Mass flux of waste form colloids
Mass flux (mass specific discharge) of
radionuclide species i

kg m- s-'

Eq. 6.5.1.2-32

kg m-2 s-1

Eq. 6.5.1.2-1

kg m s-

Eq. 6.5.1.2-14

kg m-2 s-1

Eq. 6.5.1.2-28

JicFeOx

JicFeOx
Jica;"

Total mass flux of mobile iron oxyhydroxide
(FeOx) colloids containing adsorbed radionuclide
species i
Total mass flux of mobile iron oxyhydroxide
(FeOx) colloids containing irreversibly adsorbed
radionuclide species i
Total mass flux of mobile GW colloids containing
adsorbed radionuclide species i

ief'F

Total mass flux of mobile waste form colloids
containing adsorbed radionuclide species i

Kd

Sorption distribution (or distribution) coefficient

M-2 S_.
kg

Eq. 6.5.1.2-14
2

kg m

s-

Eq. 6.5.1.2-14

ml g- 1

Section 4.1.2

ml g-1

Eq. 6.5.1.2-14

ml g-1

Eq. 6.5.1.2-14

ml g- 1

Eq. 6.5.1.2-14

ml g 1

Eq. 6.5.1.2-12

ml g- 1

Eq. 6.5.1.2-12

Unsaturated hydraulic conductivity of invert

m s-1

Eq. 6.5.3.3-12

k

Boltzmann constant

J K-1

Table 7.2-1, footnote a

k

Parameter in FHH adsorption isotherm

ki

Irreversible forward rate constant

km

KdicFeOx

KdicG;V

Kdic,,T

Kdips
K&,
K1 s

Sorption distribution (or distribution) coefficient of
iron oxyhydroxide colloids containing adsorbed
radionuclide species i
Sorption distribution (or distribution) coefficient of
groundwater colloids containing adsorbed
radionuclide species i
Sorption distribution (or distribution) coefficient of
waste form colloids containing adsorbed
radionuclide species i
Sorption distribution (or distribution) coefficient of
parent ip of radionuclide species im__Eq._6.5.1.2-12
Sorption distribution (or distribution) coefficient of
radionuclide species

__________

dimensionless

Eq. 6.3.4.3.2-2

m3 m-2 s-1

Eq. 6.5.1.2-13

Intrinsic permeability of saturated tuff matrix

m2

Eq. 6.5.3.6-3

k,,,

Effective permeability of tuff matrix

m2

Eq. 6.5.3.6-2

krm

Relative permeability of tuff matrix

dimensionless

Eq. 6.5.3.6-3
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Table 6.5-5. Nomenclature (Continued)
Variable
LA

LB
LDs

Definition
Diffusive lengths from the cell centers to the cell
interface within cell A

Units
m

Eq. 6.5.3.5-5

Diffusive lengths from the cell centers to the cell
interface within cell B

m

Eq. 6.5.3.5-5

Axial length of drip shield

m

Table 6.3-1

m

Table 6.3-1

LDS Patch Axial half-length of each drip shield patch due to
general corrosion

Where First Used

Lf

Diffusive length within the UZ fracture cell

m

Eq. 6.5.3.5-12

L,

Diffusive length within the invert cell

m

Eq. 6.5.3.5-11

Linter

Diffusive length within the invert intergranular cell

m

Eq. 6.6.4.2-2

Lint,.

Diffusive length within the invert intragranular cell

m

Eq. 6.6.4.2-3

Lm

Diffusive length within the UZ matrix cell

m

Eq. 6.5.3.5-13

LJrP

Length of waste package
Axial half-length of each drip waste package due
to general corrosion

m
m

Table 6.3-1
Table 6.3-1

WP-Potch

1
10+,10

Average ionic conductivity at infinite dilution

S cm2 equivalent-1

Eq. 6.3.4.1.1-7

Cationic and anionic conductivity at infinite dilution

S cm 2 equivalent-1

Eq. 6.3.4.1.1-6

One-half width of corrosion patch in drip shield

m

Eq. 6.3.2.4-2

One-half width of corrosion patch in waste
package

m

Eq. 6.3.3.2-1

Molecular weights of components A and B

g mof-1

Eq. 6.6.2-6

Ma

Molecular weight of air

kg mo1- 1

Eq. 6.6.2-3

M,,

Molecular weight of water

kg moP-1

Eq. 6.3.4.3.2-6

111P
MA, MB

I Exponent on porosity in Archie's law

m
in

Mass of waste package internal components

MCP
inclP

MCi

1

MCP2

mi

dimensionless
kg

Eq. 6.3.4.1.1-1
Table 6.3-9, footnote h

Mass of corrosion products inside waste package;
function of time t
Mass of corrosion products inside waste package
from complete corrosion of all steel internal
components

kg

Eq. 6.3.4.3.5-3

kg

Eq. 6.5.3.2-3

Mass of corrosion products inside waste package
from corrosion of carbon steel
Mass of corrosion products inside waste package
from corrosion of stainless steel

kg

Eq. 6.5.3.2-3

kg

Eq. 6.5.3.2-4

Mass of radionuclide species i in waste package

kg

Eq. 6.6.1.1.1-2

kg s

Eq. 6.6.1.1.1-1

Rate of release of radionuclide species i into
water in waste package
Instantaneous total mass of water within the walls
of a drift
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Table 6.5-5. Nomenclature (Continued)
Variable

N
NA

Nb

Definition

Units

Number of waste package internal components
Avogadro's number

Where First Used

dimensionless
molecules mol-

Table 6.3-9, footnote h
1

Eq. 6.3.4.3.2-6

Number of breaches (corrosion patches) in drip

dimensionless

Eq. 6.3.2.4-2

NbDs

Number of breaches (corrosion patches) in drip
shield

dimensionless

Table 6.3-1

NbIlp

dimensionless

Table 6.3-1

dimensionless

Eq. 6.5.1.1.1-6

ND

Number of breaches (corrosion patches) inwaste
package
Number of breaches (corrosion patches) on crown
of drip shield
Normal distribution

dimensionless

Eq. 6.3.4.1.1-22

NS,G

Sorption site density for goethite

sites nm- 2

Eq. 6.3.4.2.3.2-1

Sorption site density for HFO

sites nm- 2

Eq. 6.3.4.2.3.2-1

NSjFO
"l

shield

Exponent on saturation or water content in power
law dependence of diffusion coefficient (e.g.,

dimensionless

Eq. 6.3.4.1.1-2

dimensionless
dimensionless

Eq. 6.5.3.5-1
Eq. 6.6.5.2-6

Archie's law)

"
p

Time step number
Slope of the model function

P

Total pressure

PXA PcB Critical pressure of components A and B

atm

Eq. 6.6.2-6

atm

Eq. 6.6.2-6

p,,

Partial pressure of water

Pa

Eq. 6.3.4.3.2-1

pO

Vapor pressure of water

Pa

Eq. 6.3.4.3.2-1

kg m-3 s-1

Eq. 6.5.3.5-10

kg m- s-l

Eq. 6.5.1.2-32

QI.,"',
Qc

Total mass flux (combined advective and diffusive
mass flux) of waste form colloids per unit bulk
volume
sNet rate of waste form colloid capture on the solid

int

Net rate of waste form colloid capture at the air-

QC''F

water interface
Net rate of waste form colloid removal from
suspension by means of physical filtering (pore
clogging, sieving, and straining) and by
gravitational settling
Net rate of interface transfer of waste form
colloidal mass between the continua in the dual
continuum invert

QCIFfg

QcI,'Fmt

QCJVFs

Q,
,,

Q1cc

Net rate of waste form colloid formation
Volumetric discharge into the invert
Net rate of various mass transfer process
involving radionuclide species i
Net rate of sorption of radionuclide species i onto
immobile colloid surfaces captured by the solid

m•

E61

kg

Eq. 6.5.1.2-32

k
skg m-s

Eq. 6.5.1.2-32

kg m-3 s-1

Eq. 6.5.1.2-32

kg m-3 s-1

Eq. 6.5.1.2-32

m3 s-1

Eq. 6.5.3.3-12

k
kg m s-

Eq. 6.5.1.2-1

kg m- s-

Eq. 6.5.1.2-7

matrix
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Table 6.5-5. Nomenclature (Continued)
Variable
Q•'
embed

r.,ev
,cm

rev

Qicm,
Qid

Qi______
QiIe

Qiprecip
Qrrev

Definition
Net rate of sorption of radionuclide species i onto
immobile colloid surfaces captured by the airwater interface

Units
kg m' s-1

Eq. 6.5.1.2-7

embedded state onto waste form colloids for

kg m' s-'

Eq. 6.5.1.2-7

radionuclide species i
Rate of irreversible sorption of radionuclide
species ionto mobile colloid surfaces
Net rate of reversible sorption of radionuclide
species ionto mobile colloid surfaces

m
kg m s
m. s
kg m s

Rate of mass conversion from dissolved state to

Q.-

Eq. 6.5.1.2-7
Eq. 6.5.1.2-7

Net rate of dissolution of radionuclide species i
Net rate of interface transfer of dissolved mass
between the continua in the dual continuum invert
Net rate of interface transfer between the continua
in the dual continuum invert of radionuclide
species i irreversibly sorbed onto mobile colloids

kg m- s-1
m..3 sEl

Eq. 6.5.1.2-7

kg

Eq. 6.5.1.2-7

kg m- s-1

Eq. 6.5.1.2-28

Net rate of precipitation of radionuclide species i

kg m-3 s-'

Eq. 6.5.1.2-7
Eq. 6.5.1.2-7

species i onto the solid matrix

kg m' s7'
m-3 1s
sEq.
kg

Advective water volume flux per unit bulk volume

m3 m"3 yr-I

Eq. 6.5.3.5-3

Rate of irreversible sorption of radionuclide
species i onto the solid matrix

Net rate of reversible sorption of radionuclide

rev

Where First Used

65.1.2-7

q

Rate of diffusion of water vapor through air

mol S-1

Eq. 6.6.2-8

q1

Rate of diffusion of radionuclide species i

kg s-1

Eq. 6.3.4.3.5-1

q1 n

Rate of water flow into waste package

m3 s-1

Section 6.6.1.1.1

""New" rate of water flow into waste package

m3 s-1

Section 6.6.1.2.1

""Old" rate of water flow into waste package

m3 s-1

Section 6.6.1.2.1

Rate of water flow out of waste package

m3 s-I

Section 6.6.1.1.1

"New" rate of water flow out of waste package

m3 s-1

Section 6.6.1.2.1

Scalar specific discharge (Darcy velocity) of water

m s-1

Eq. 6.5.1.2-46

m s-I

Eq. 6.5.1.2-4

q,,,o,
qo,,
qout,ne,
q

in the downward +z-direction
q.

Specific discharge (Darcy velocity) of water

R

Universal gas constant

R

2

J mo1- 1 K-1

Eq. 6.3.4.1.1-10

dimensionless

Coefficient of determination

Figure 6.3-4

Rbb

1976 [DIRS 173835], Equation 11

Rf

Retardation factor

dimensionless

Eq. 6.3.4.2.2-1

Rfl

Retardation factor for radionuclide species i

dimensionless

Eq. 6.5.1.2-38

dimensionless

Eq. 6.5.1.2-38

Resistance of a porous medium in Rhoades et al.

R
_ _

Retardation factor for parent ip of radionuclide
_

_

species
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Table 6.5-5. Nomenclature (Continued)

JJ
R1

Where First Used
Eq. 6.3.4.3.2-2

Units
kg kg-1

Definition

Variable
Relative humidity

Resistance of a porous medium

fl

Eq. 6.3.4.1.1-4

rou

Colloid particle radius

m

Eq. 6.3.4.4-1

rcorr

Steel corrosion rate

rD

1

mol yr

Eq. 6.5.3.3-1

m

Drift radius
Reaction term accounting for decay and ingrowth
of species i

Table 6.6-1

kg m3s

1

Eq. 6.5.1.2-1

m

Eq. 6.3.4.4-1

Ratio of the mass of radionuclide species i
produced by decay of the parent species ip to the
mass of the parent species lost by decay

kg kg-

Eq. 6.5.1.2-9

r,

Dissolution rate of the waste form

kg s-1

Eq. 6.6.1.1.1-1

r,

Rate of production of water by chemical reactions

kg s- 1

Eq. 6.5.1.1-1

Ion radius
rt

Sampled value for the corrosion rate of carbon
_steel

r2

steel
Sampled
value for the corrosion rate of stainless

Pmy r

Eq. 6.5.3.2-1
1

Eq. 6.5.3.2-2

pm yr3

Sef

Effective UZ fracture saturation

m m-3

Eq. 6.5.3.6-4

Sf

Percentage of total vs. high-affinity sorption sites

percent

Eq. 6.3.4.2.3.2-1

SHIA

High-affinity site density

mol sites/mol Fe

Eq. 6.3.4.2.3.2-1

Stotal

Total site density

mol sites/mol Fe

Eq. 6.3.4.2.3.2-1

m3 m"3

Eq. 6.5.1.2-2

Scp

Water saturation
Effective water saturation within a corrosion patch
or corrosion products

m3 m-3

Eq. 6.3.4.3.5-5

S',,CP

Water saturation in corrosion products domain

m3 m'-

Eq. 6.6.4-1

Sf

UZ fracture water saturation

m3 m-

Eq. 6.5.1.2-52

S~fr

UZ fracture residual water saturation

m3 m"3

Eq. 6.5.3.6-4

S,,

Invert water saturation

m3 m-

Eq. 6.5.1.2-50

SW,-inter

Water saturation in invert intergranular continuum

m3 m"3

Eq. 6.6.4-2

SwIinra

Water saturation in invert intragranular continuum

m3 m"3

Eq. 6.5.3.3-7

UZ matrix water saturation

m 3 m-

Eq. 6.5.1.2-51

dimensionless

Eq. 6.3.4.3.2-2

S,,

SUM

S
Sc,,
§C

Exponent in FHH adsorption isotherm

m

Surface area of corrosion products

m2 g-1

Specific surface area of colloids
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Table 6.5-5. Nomenclature (Continued)
Variable
-

Scp

Definition
Specific surface area of iron oxyhydroxide
corrosion products

T

Temperature

T*

Transmission coefficient

7

TcA, T o

Units
m2 kg- 1

Where First Used
Eq. 6.5.1.2-13
Table 4.1-7

K
dimensionless

Eq. 6.3.4.1.1-14

Critical temperatures of components A and B

K

Eq. 6.6.2-6

To

Reference temperature

K

Eq. 6.3.4.1.2-1

t

Time

s

Eq. 6.5.1.1-1

Lifetime of steel

yr

Table 6.6-1

Thickness of a water monolayer

m

Eq. 6.3.4.3.2-6

tfilt

Time for a waste package to fill with water

s

Section 6.6.1.1

tfI

Lifetime of carbon steel

yr

Eq. 6.5.3.2-1

tf 2

Lifetime of stainless steel

yr

Eq. 6.5.3.2-2

Maximum thickness of the invert

m

Eq. 6.5.3.3-1

t'

Average thickness of the invert

m

Eq. 6.5.3.5-5

Ii

Transport number for the ih!on

dimensionless

to

Time of first breach of the waste package

yr

Half-life of parent ip of radionuclide species i

s

tcorr
tf

tl,mar

t112,1p
it

Ion mobility
Volume of water vapor adsorbed at reference
conditions

cmz s-1 v-

Eq. 6.3.4.1.1-10
Eq. 6.5.3.2-3
Eq. 6.5.1.2-10

1

Table 7.2-1, footnote a

M3 kg1

Eq. 6.3.4.3.2-1

Volume of water within a waste package at time t

m3

Section 6.6.1.1

VB

Volume of cell B

m3

Eq. 6.5.3.5-4

Vb
V

Bulk volume of UZ matrix cell
Pore volume (water volume when fully saturated)

V
V(t)

CP

of corrosion products

m3 kg- 1
m3

Section 6.5.3.6
Eq. 6.3.4.3.5-3

__Eq._6.3.4.3.5-3

Volume of degraded DSNF

m3

Table 8.2-1

V

Volume of crushed tuff granule

m3

Section 6.6.4.1

Vnew

Volume of water adsorbed that provides one
monolayer coverage on the surface
Volume of "new" water in waste package

VoId

V

VDsNvF
g

p

rpinter

3 -1
m kg
m3

-1
Eq. 6.3.4.3.2
Section 6.6.1.2.2

Volume of "old" water in waste package

m3

Section 6.6.1.2.1

Total volume of pore space in bulk invert

m3

Eq. 6.5.1.2-23

Itergranular pore space pore volume

m3Eq.

ANL-WIS-PA-000001 REV 02

6-154

6.5.1.2-23

August 2005

EBS Radionuclide Transport Abstraction

Table 6.5-5. Nomenclature (Continued)
Variable

Definition

Units

Where First Used

Intragranular pore space pore volume

m

3

Eq. 6.5.1.2-24

Bulk invert total volume

m3

Eq. 6.5.1.2-23

Vinter

Intergranular pore space total volume

m3

Eq. 6.5.1.2-26

Vinfra

Intragranular pore space total volume
Volume of water that can be retained within a
waste package before it overflows

m3
m3

Eq. 6.5.1.2-27
Section 6.6.1.1

Volume of water in invert

m3

Eq. 6.5.3.3-3

VIwinter

Volume of water in invert intergranular pore space

m3

Eq. 6.5.3.3-6

._intra

Volume of water in invert intragranular pore space

m3

Vpintra
V,

vb

V

Average water velocity

m yr-

Eq. 6.3.4.2.2-1

1

Eq. 6.3.4.2.2-1

VC

Average contaminant front velocity

m yr-

WDS

Total unfolded width of drip shield

m

w

Water content

IV

Width of top surface of invert

Winter
wm

Volumetric ratio of the intergranular continuum
volume to the total bulk invert volume
Net mass flow rate of water across bounding
surfaces by mass transfer

Eq. 6.5.3.3-6
1

Eq. 6.5.1.1.1-7

percent

Figure 6.3-10

m

Eq. 6.5.3.3-1

m3 m

Eq. 6.5.1.2-26

kg s
Eq. 6.5.1.1-1
kgs-___q_6.5.1.1-

x

One-dimensional coordinate or distance

m

Figure 6.3-2

Y

Distance along drip shield crown

m

Section 6.5.1.1.2.1

m

Eq. 6.5.1.1.2-1

m

Eq. 6.5.1.1.2-1

m

Eq. 6.5.1.1.2-1

m

Eq. 6.5.1.1.2-1

z
z

Distance along drip shield crown from center of
breach - farthest point to the left from which
rivulets can enter breach
Distance along drip shield crown from center of
breach - farthest point to the left from which
rivulets can enter top of breach
Distance along drip shield crown from center of
breach - farthest point to the right from which
rivulets can enter top of breach
Distance along drip shield crown from center of
breach - farthest point to the right from which
rivulets can enter breach
One-dimensional coordinate or distance
Valence of an ion

m
dimensionless

Eq. 6.5.1.2-46
Table 7.2-1, footnote a

zi

Charge valence of the /h ion

dimensionless

Eq. 6.3.4.1.1-10

Spatial location of the corrosion products
domain/invert interface

m

Section 6.5.1.2

Valence
of only
cation
anion, respectively;
magnitude
- and
no sign

dimensionless

Eq. 6.3.4.1.1-6

YA

YB

Yc

YD

interface
'+,
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Table 6.5-5. Nomenclature (Continued)
Variable

Definition

Units

Where First Used

AC,

Concentration difference

kg m-3

Section 6.3.4.3.5

AC 0 2

Oxygen concentration difference

kg m-3

Eq. 6.6.3-3

ACw,

Water vapor concentration difference

kg m--

Eq. 6.6.2-8

Difference between volumetric flow rate into and

m3 s-1

Eq. 6.5.1.1-4

Time to empty retained water in waste package

s

AF-,
At

out of the EBS

At
Aw

Time step size from the nth to the (n+l)t time
Difference
of
the EBS between mass rate of flow into and out

Ax

Thickness or length of flow or diffusion path

E

Ao

Cell constant
Equivalent electrolyte conductivity at infinite
dilution

Eq. 6.6.1.2.3-2

s or yr

Eq. 6.5.3.5-1

kkg s -

q 6.5.1.1-1
...Eq.

m

Table 6.3-9, footnote h
1

m-

Eq. 6.3.4.1.1-14

Scm2 equivalent-

Eq. 6.3.4.1.1-6

Colloid target flux out ratio

dimensionless

Il

Volumetric water content

percent

Eq. 6.5.3.4-1
Eq. 7.2.1.2-1

a

Drip shield or waste package rivulet spread half
angle
Dispersivity
First-order mass transfer coefficient
Geometry-dependent factor in expression for
dual-continuum invert interface mass transfer

radian or degree

Eq. 6.3.2.4-2

m
s-1

Eq. 6.5.1.2-6
Eq. 6.5.1.2-20

dimensionless

Eq. 6.5.1.2-22

a
a
,J

coefficient
Volume fraction of "old" water in total water

"

volume of waste package
UZ active fracture parameter

m3

m

Eq. 6.6.1.2.1-2

dimensionless

Section 6.5.3.6

y,

Colloid mass transfer coefficient

s-1

Eq. 6.5.1.2-19

yd

Dissolved species mass transfer coefficient

s-1

Eq. 6.5.1.2-19

3

Stress corrosion crack gap width

m

Eq. 6.3.3.1-1

35i

Stress corrosion crack gap width, inner surface

m

Figure 6.3-3

C0

Stress corrosion crack gap width, outer surface

m

Figure 6.3-3

4'

Dimensionless surface-area-to-volume ratio

W.

Viscosity of water at temperature T

Pa s

Table 4.1-7

qT"

Viscosity of water at temperature To

Pa s

Eq. 6.3.4.1.2-1

1720

Viscosity of water at temperature T = 200C

Pa s

Table 4.1-7

0

Volumetric moisture content

percent

Eq. 6.3.4.1.1-18

0c

Critical volumetric moisture content

percent

Eq. 6.6.5.2-2

0a

Number of monolayers of adsorbed water

dimensionless

dimensionless

Section 6.6.4.1

Eq. 6.3.4.3.2-2

K)
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Table 6.5-5. Nomenclature (Continued)

ointer

Definition
Intergranular moisture content

Units
percent

Where First Used
Eq. 6.6.5.1-5

Ointra

Moisture content of invert intragranular continuum

percent

Eq. 6.6.5.2-5

0m

Moisture content of UZ matrix

percent

Eq. 6.5.3.6-2

0,,io

Minimum volumetric moisture content for

percent

Eq. 6.6.5.2-5
Eq. 6.6.5.1-2

Variable

diffusivity to be greater than limiting diffusivity

Os

Saturated moisture content

percent

K,

Bulk soil or rock conductivity

f2- 1m-1 or mho/m

Eq. 6.3.4.1.1-10

K,

Electrical conductivity of the solution

f2- 1m- 1 or mho/m

Eq. 6.3.4.1.1-10

KIw

Electrical conductivity of the solution

1 1
-Y
m- or mho/m

Eq. 6.3.4.1.1-10

Radioactive decay constant for species i

s-1 or yr- 1

Eq. 6.5.1.2-9

S or yr 1

Eq. 6.5.1.2-9

s71 or yr-1

Eq. 6.5.1.2-8

/

Radioactive
species
i decay constant for parent ip of
First order rate constant for mass conversion from
dissolved state to embedded state onto waste
form colloids for radionuclide species i
Mean value

v"

Average linear interstitial water velocity

,i
Ai,
2,j'bd

dimensionless

Eq. 6.3.4.1.1-22

m s-1

Eq. 6.3.4.2.2-1

1

Eq. 6.3.4.2.2-1

ms

P

Average velocity of front of the contaminant
concentration profile
Density of waste package internal components

kg m-3

Table 6.3-9, footnote h

Pb

Dry bulk density of the solid matrix

kg m-3

Eq. 6.3.4.2.2-1

Density of Fe 20 3

kg m-3

Eq. 6.3.4.3.5-3

pi

Mass concentration of radionuclide species i

kg m-3

Eq. 6.5.1.2-1

pA

Electrical resistivity of a porous medium

fl m

Eq. 6.3.4.1.1-1

Bulk resistivity of a partially saturated porous

nm

Eq. 6.3.4.1.1-2

PFeOx

medium

P,

Density of water

pW

Electrical resistivity of liquid water

a

Standard deviation

0-(x)

kg m-3

Standard deviation of the Kd distribution

Eq. 6.5.1.1-4

f2 m

Eq. 6.3.4.1.1-1

dimensionless

Eq. 6.3.4.1.1-22

ml g-1

Table 6.6-5

oa

Applied stress

Pa

Eq. 6.3.3.1-1

0'9

Standard deviation of the pore size

mm

Eq. 6.6.5.1-4

as

Sample standard deviation
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Table 6.5-5. Nomenclature (Continued)
Variable

Definition
Porosity

Units
m3 m"3

Where First Used
Eq. 6.3.4.2.2-1

Ocp

Porosity of corrosion products

m3 m'3

Eq. 6.3.4.3.5-3

Of-

Porosity of UZ fractures

m3 m-3

Eq. 6.5.1.2-52

01

Bulk porosity of invert

m3 m-

Eq. 6.5.1.2-25

3

V'ner

Porosity of invert intergranular continuum

m m-3

Eq. 6.5.3.3-10

0inr,

Porosity of invert intragranular continuum

m3 m4

Eq. 6.5.3.3-7

Porosity of saturated tuff matrix

m3 m'3

Eq. 6.5.1.2-51

0,,,
V/

Moisture potential

J kg-

1

Eq. 6.6.5.1-2

1

Eq. 6.6.5.1-2
Eq. 6.6.5.1-3

Yfe

Air-entry moisture potential

J kg-

VI

Air-entry moisture potential at a bulk density of
1,300 kg m-

J kg- 1

COG

Mass fraction of corrosion products as goethite

dimensionless

Mass fraction of radionuclide species i released
per unit mass of waste form

kg kg 1

_______

Del operator: i -+ j-+

V

ax

ary

k-,

az

where i, j,

1
m-

Eq. 6.3.4.2.3.2-1
Eq. 6.6.1.1.1-1

_g__g-__Eq.

__.6.1.1.1-1

Eq. 6.5.1.2-1

and k are unit vectors in the x-, y-, and zdirections, respectively
BET = Brunauer, Emmett and Teller; CP = corrosion products; COV = coefficient of variance;
DSNF = defense spent nuclear fuel; FHH = Frenkel-Halsey-Hill adsorption isotherm equation.

6.5.2

Base Case Model Inputs

Table 6.5-6 summarizes model inputs used in the EBS RT Abstraction that are sampled in the
TSPA-LA model calculations. The uncertainty associated with each parameter is indicated by
the range and distribution shown for the parameter and is discussed in this section. The type of
uncertainty is listed for each parameter. Aleatoric uncertainty refers to uncertainty for which
sufficient knowledge is unobtainable because features, events, and processes involve chance
occurrences. This type of uncertainty cannot be reduced through further testing and data
collection. Epistemic uncertainty arises from a lack of knowledge about a parameter because the
data are limited or there are alternative interpretations of the available data. The parameter is
variable because an analyst does not know what the precise value of the parameter should be, but
the state of knowledge about the exact value of the parameter can increase through testing and
data collection.
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Table 6.5-6.

Sampled Model Inputs Used in the EBS Radionuclide Transport Abstraction
0.

0
0
0
0

Input Name
InvertDiffCoeffUncert

Kd AmInvert

Input Description
Invert diffusion coefficient uncertainty

Input Source
Developed in Section 6.3.4.1.1, based on Conca
and Wright (1992 [DIRS 100436), Figure 2), Conca
et al. (1993 [DIRS 170709], Figure 2)

Type of
Uncertainty
Epistemic

Kd

of Am on crushed tuff in the invert

DTN: LA0408AM831341.001 [DIRS 171584]

KdCsInvert

K/

of Cs on crushed tuff in the invert

DTN: LA0408AM831341.001 [DIRS 171584]

KdNp_lnvert

K/ of Np on crushed tuff in the invert

DTN: LA0408AM831341.001 [DIRS 171584]

KdPaInvert

Kd

of Pa on crushed tuff in the invert

DTN: LA0408AM831341.001 [DIRS 171584]

KdPuInvert

Kd

of Pu on crushed tuff in the invert

DTN: LA0408AM831341.001 [DIRS 171584]

0~~

Range = 1,000-10,000 ml g-';
Mean = 5,500 ml g-';
Std. Dev. = 1,500 ml g- 1
Truncated Normal
1-15 ml g-'; Uniform
(0,0) (0.5,0.5) (6.,1.0)
Cumulative
Range = 1,000-10,000 ml g-';
1
Mean = 5,500 ml g- ;
Std. Dev. = 1,500 ml g-1
Truncated Normal
(10.,0) (70.,0.5) (200.,1.0)

0
0

Epistemic and
Aleatoric

DTN: LA0408AM831341.001 [DIRS 171584]

100-1,000 ml g-'; Uniform

KdSrInvert

K/

of Sr on crushed tuff in the invert

DTN: LA0408AM831341.001 [DIRS 171584]

10-70 ml g-'; Uniform

KdThInvert

Kd of Th on crushed tuff in the invert

DTN: LA0408AM831341.001 [DIRS 171584]

1,000-10,000 ml g-1 Uniform

Kd_U_Invert

Kd of U on corrosion products

DTN: LA0408AM831341.001 [DIRS 171584]

SSCorrosionRate

Stainless steel corrosion rate

DTN: MO0409SPAACRWP.000 [DIRS 172059];
Spreadsheet "ECDFmetals2.xis"; Worksheet *316
ss", Columns L &M,
Rows 5-15
Empirical cumulative distribution function

(0,0) (0.2,0.5) (4.,1.0)
Cumulative
Rate (pm yr 1 )
ECDF
0.03699
0.000
0.037
0.063
0.1016
0.125
0.109
0.188
0.1524
0.250
0.154
0.313
0.1778
0.375
0.2032
0.438
0.2286
0.563
0.254
0.750
0.2794
0.813

CA

Epistemic and
Aleatoric
Epistemic and
Aleatoric
Epistemic and
Aleatoric

Epistemic and
Aleatoric

Epistemic and
Epistemic and
Aleatoric

0.51

1.000

CA
-t
0

Aleatoric

t~3
0
0
LA

0'
V.,

Epistemic and

of Ra on crushed tuff in the invert

0

CA

Aleatoric

Kd

0.

V.,

Cumulative

KdRajInvert

0

-C

0.218

0
t~J

'.0

Range and Distribution
1ONO; ND = Truncated Normal
Distribution; Range: W10
Mean p = 0.033; Std. Dev. a =

Epistemic and
Aleatoric
Epistemic and
Aleatoric

M
Table 6.5-6. Sampled Model Inputs Used in the EBS Radionuclide Transport Abstraction (Continued)
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6
C)
0
0

Input Name
CSCorrosionRate

Input Description
Carbon steel corrosion rate

Input Source
DTN: MO0409SPAACRWP.000 [DIRS 172059];
Spreadsheet "ECDF_metals2.xis"; Worksheet
"A516-Carbon Steel", Columns
B &C, Rows 5-30
Empirical cumulative distribution function

0o
03
0

Developed in Section 6.5.3.1.1

Range and Distribution*
Rate (pm yr 1 )
ECDF
65.76
0.000
65.77
0.042
66.75
0.083
69.84
0.125
70.00
0.167
71.25
0.208
72.21
0.250
72.64
0.292
72.87
0.333
72.89
0.375
73.47
0.417
74.29
0.458
74.51
0.500
74.60
0.542
75.41
0.583
77.31
0.625
79.29
0.667
80.00
0.708
80.87
0.750
83.26
0.792
83.66
0.833
83.74
0.875
85.68
0.917
90.97
0.958
106.93
1.000
0.02-0.859 m; Uniform

Developed in Section 6.5.3.1.1

0.025-1.063 m; Uniform

Developed in Section 6.3.4.3.3

1.0-22 m2 g-1; Uniform

Developed in Section 6.5.1.1.2.4

0-0.85
(dimensionless);

C>
0Vo

DiffPathLength CPCSNF
0O

DiffPathLength.CPCDSP

0

Diffusive
products
Diffusive
products

path length through corrosion
domain for CSNF packages
path length through corrosion
domain for codisposal waste

packages

SurfaceAreaCP
FluxSplitDSUncert

Specific surface area of Fe 2O 3
corrosion products
DS flux splitting uncertainty factor

FluxSplit.WPUncert

WP flux splitting uncertainty factor

I

Type of
Uncertainty
Epistemic and
Aleatoric

0
:3

Epistemic and
Aleatoric
Epistemic and
Aleatoric
Epistemic and
Aleatoric
Epistemic and
Aleatoric

I_Uniform

Developed in Section 6.5.1.1.3

0-2.41
(dimensionless);

Epistemic and
Aleatoric

Uniform

(__

C

:4

C

C

CG

C

z
Table 6.5-6. Sampled Model Inputs Used in the EBS Radionuclide Transport Abstraction (Continued)

0j

C)
0O

0

,r-

0

0o
0

Input Name
Fracture-Frequency

UZFractureFraction

Input Description
UZ fracture frequency

UZ fracture porosity

Input Source
BSC 2004 [DIRS 170040], Appendix A,Table A-1

Range and Distribution
Mean = 3.16 m-1
Std. Dev. = 2.63 m-1

Type of
Uncertainty
Epistemic
0

Log-normal
BSC 2004 [DIRS 170040], Appendix D, Table D-1

0-1 (fraction); Beta

Epistemic

E(x)=9.6 x 10-3;
c(x)=2.82 x 10-3

0,

UZMatrixPorosity

UZ matrix porosity

BSC 2004 [DIRS 170040], Appendix D,Table D-1

0-1 (fraction); Beta

Cl)

Epistemic

E(x) = 0.131;

FractureSaturation

Unsaturated zone fracture saturation

otx) = 0.031
Provided in source DTN

Epistemic

Uniform sampling from 433 locations
(DTN: LB0307FMRADTRN.001 [DIRS 1654511L
Uniform sampling from 433 locations for each
infiltration case (DTN: LB0307FMRADTRN.001
[DIRS 165451])
Uniform sampling from 433 locations for each
infiltration case (DTN: LB0307FMRADTRN.001

Provided in source DTN

Epistemic

Provided in source DTN

Epistemic

Provided in source DTN

Epistemic

Uniform sampling from 433 locations for each
infiltration case (DTN: LB0307FMRADTRN.001

Provided in source DTN

Epistemic

Uniform sampling from 433 locations for each
infiltration case (DTN: LB0307FMRADTRN.001

Provided in source DTN

Epistemic

Provided in source DTN

Epistemic

14.7- 110 m2 g"'; discrete
distribution (Table 6.3-6)
0.45 - 0.8 (dimensionless);
discrete distribution (Table
6.3-6)
1.00 - 8.59 sites nm 2; discrete
distribution (Table 6.3-6)

Epistemic and
Aleatoric
Epistemic and
Aleatoric

Uniform sampling from 433 locations for each
infiltration case (DTN: LB0307FMRADTRN.001
[DIRS 165451])

FractureResidualSat
FracturePercolationFlux

Unsaturated zone fracture residual
saturation
Unsaturated zone fracture percolation
flux

Flow FocusFactor

Unsaturated zone fracture percolation
flow-focusing factor

UZMatrixSaturation

Unsaturated zone matrix saturation

MatrixPercolationFlux

Unsaturated zone matrix percolation
flux

MatrixRel Perm Low,
MatrixRelPermnMean,

Unsaturated zone matrix relative
permeability for all three infiltration

Matrix Rel PermHigh

Uniform sampling from 433 locations for each
infiltration case (DTN: LB0307FMRADTRN.001

cases

[DIRS 165451])

GoethiteSAa

Goethite specific surface area

Developed in Section 6.3.4.2.3.2

RelativeAbundance
Goethitea

Fraction of total iron oxide that is
goethite

Developed in Section 6.3.4.2.3.2

GoethiteSiteDensitya

Goethite sorption site density

Developed in Section 6.3.4.2.3.2

[DIRS 165451])

[DIRS 1654511)

Cl)

t'3
0
0

[DIRS

165451])

Epistemic and
Aleatoric

Table 6.5-6. Sampled Model Inputs Used in the EBS Radionuclide Transport Abstraction (Continued)

,-e

8

0

Type of

,D

Input Name
HFOSite Density a

Input Description
HFO sorption site density

Input Source
Developed in Section 6.3.4.2.3.2

C)

HFOStrongSites a

Percentage of high affinity HFO
sorption sites
Percentage of high affinity goethite

Developed in Section 6.3.4.2.3.2

-0
0
0
0

0
C)

GoethiteStrongSites a

sorption sites

0D

Developed in Section 6.3.4.2.3.2
I

Range and Distribution*
0.56 - 5.65 sites nm'2 ; discrete
distribution (Table 6.3-6)
0.20 - 20.0 percent; discrete
distribution (Table 6.3-6)
8.8 - 73.9 percent; discrete

Uncertainty
Epistemic and
Aleatoric
Epistemic and
Aleatoric
Epistemic and

distribution (Table 6.3-6)

Aleatoric

W~

*For distribution type beta, E(x) = expected value, a(x) = standard deviation.
CP = corrosion products, CDSP = codisposal, WP = waste package, BET = Brunauer, Emmett and Teller, ECDF = empirical cumulative distribution function,
HFO = hydrous ferric oxide.
Correlation of invert Kd values is shown in Table 4.1-16.

17,

CN

LI,

C

C

0

C

EBS Radionuclide Transport Abstraction

6.5.2.1

Invert Diffusion Coefficient

The invert diffusion coefficient is used to calculate the rate of diffusion of radionuclides through
the invert, after they have been released from the waste package. The uncertainty in the invert
diffusion coefficient is epistemic. The values were derived from measured values of diffusion
coefficients in various granular materials, including tuff. However, the data were scattered. This
was particularly true at lower values of volumetric water content, where experimental difficulties
are more pronounced - achieving uniform and consistent degrees of water saturation is difficult,
resulting in uncertainties in the actual water content. The use of electrical conductivity
measurements as an analog for diffusivity becomes more uncertain at low water content due to
uncertainty in the electrical connectivity between electrodes and the porous material as well as
between the particles themselves. The reported uncertainty approximates a normal distribution
for the residuals in the statistical fit to the experimental data. Uncertainty in the porosity of the
invert is included in the greater uncertainty associated with the measurements of the diffusion
coefficient, which were made on a variety of geologic materials having a range of porosities;
thus the porosity uncertainty can be considered to be accounted for in the effective
diffusion coefficient.
6.5.2.2

Irreversible Sorption onto Iron Oxyhydroxides

The irreversible sorption model developed in Section 6.3.4.2.3.2 involves six parameters for
which the uncertainty is both epistemic and aleatoric. These parameters are the specific surface
area of goethite, the relative abundance of goethite (compared to HFO) in stationary corrosion
products, the sorption site densities of goethite and HFO, and the percentage of high-affinity
sorption sites for goethite and HFO. The epistemic uncertainty in sorption site densities and the
percentage of high-affinity sorption sites arises from the difficulty in making precise
measurements of these properties. One result of this experimental epistemic uncertainty is the
inability to assign greater weight to individual experiments, so discrete distributions are used that
give equal weight to all experimental results. Aleatoric uncertainty is due to the unpredictable
variability in the circumstances and environment under which the iron oxyhydroxides will be
formed in the repository, which will result in variations in specific surface area, relative
abundance of goethite, and sorption properties.
6.5.2.3

Sorption Distribution Coefficients for Calculating Invert Sorption

Sorption on crushed devitrified tuff in the invert also involves some epistemic uncertainty for
most radionuclides. The exceptions are C, I, and Tc, which do not sorb measurably on tuff (Kd
values are zero). As with Kd values for sorption on corrosion products, the invert Kd values also
involve some aleatoric uncertainty due to the evolving chemistry of the seepage water and
changes resulting from chemical processes that occur as EBS components degrade. Invert Kd
values are correlated as shown in Table 4.1-16 (DTN: LA031 1AM831341.001 [DIRS 167015]).
In the implementation of sorption distribution coefficients in the invert in TSPA-LA, the
devitrified tuffKd values developed for the UZ submodel are assigned to the invert.
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6.5.2.4

In-Package Diffusion Submodel

The general corrosion rates for carbon steel and stainless steel are known with some
uncertainty, as shown in the data presented in Table 4.1-1 (DTN: MO0409SPAACRWP.000
[DIRS 172059]).
An empirical
cumulative
distribution function
developed
in
DTN: MO0409SPAACRWP.000 [DIRS 172059] is used for parameter CSCorrosionRate to
be sampled in TSPA-LA. An empirical cumulative distribution function developed in
DTN: MO0409SPAACRWP.000 [DIRS 172059] is used for parameter SSCorrosionRate to
be sampled in TSPA-LA. In view of the large range in the measured data even among multiple
samples under identical conditions, some epistemic uncertainty exists in corrosion rates. In
addition, the future physiochemical environment of the waste package interior will influence
corrosion rates, as evidenced by the variability in rates under different conditions
(DTN: MO0409SPAACRWP.000 [DIRS 172059]). Thus, aleatoric uncertainty also exists in
the corrosion rates owing to the uncertain future waste package environment.
The parameters DiffPath LengthCPCSNF and DiffPathLengthCPCDSP are developed
in Sections 6.5.3.1.1 and 6.5.3.1.2. These are the diffusion path lengths from the internal waste
package corrosion products domain to the invert domain of the EBS transport abstraction for
CSNF (e.g., 21-PWR and 44_BWR) and codisposal (CDSP) (e.g., 5 DHLW/DOE SNF - Short)
waste packages, respectively. The radionuclide source (failed fuel rods or glass logs) and the
porous corrosion products are treated as being uniformly distributed throughout the volume of
the breached waste package. Breached fuel rods or glass logs may lie adjacent to the interior of a
breach in the waste package or nearby. Some aleatoric uncertainty exists in the location of the
radionuclide source embedded in the corrosion products. The minimum path length is the
thickness of the waste package outer corrosion barrier, 0.02 m for CSNF waste packages and
0.025 m for codisposal waste packages. The maximum is the radius of a waste package, 0.859 m
for CSNF waste packages and 1.063 m for codisposal waste packages. A uniform distribution is
appropriate for this parameter.
The parameter Surface AreaCP, the specific surface area of corrosion products, is developed in
Section 6.3.4.3.3, where uncertainties are discussed. This parameter accounts for the uncertainty
in the computed surface area of corrosion products that is available for water adsorption inside a
breached waste package. The calculated mass of corrosion products is multiplied by their
specific surface area to compute the bulk surface area. The uncertainties are both aleatoric and
epistemic. Unpredictable processes or events may occur that impact the morphology of
corrosion products and alter their surface area, including seismic events, collapse of waste
package internal structures, and changes in seepage rates. The nature of corrosion products
formed under the conditions in a breached waste package in a humid environment, from a
mixture of various types of steel, and their behavior in response to events and process that may
occur is also uncertain. Due to the sparseness of the data for the specific surface area of
corrosion products, only a uniform distribution can be justified for this parameter.
6.5.2.5

EBS-UZ Boundary Condition Implementation in TSPA-LA

The EBS-UZ boundary condition implementation, discussed in Section 6.5.3.6, is applied when
the EBS transport abstraction is discretized and implemented in GoldSim. This model provides
the radionuclide concentration boundary condition at the invert-UZ boundary such that the
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far-field concentration is approximately zero. To compute this boundary condition, a portion of
the UZ is modeled, so input parameters for the UZ are used and therefore become EBS transport
input parameters. The uncertainty in sampled parameters is discussed in this section; details
about how UZ parameters are used are provided in Section 6.5.3.6.
Most of the parameters used for the EBS-UZ boundary condition implementation are taken from
the output of Drift-Scale Radiomnclide Transport (BSC 2004 [DIRS 170040]), in which
specification of the ranges and distributions for the parameters is discussed. The parameters
were developed for the discrete fracture-matrix partitioning model (BSC 2004 [DIRS 170040]).
Although the modeling approach used in the EBS RT Abstraction is different, the parameter
values remain unchanged. The parameter values are given in DTN: LB0307FMRADTRN.001
([DIRS 165451], Folder: U0230_excelfiles.zip). These parameters were developed for the
lower, mean, and upper bound flow fields for the glacial transition climate and recommended for
use in TSPA-LA for the entire duration of the simulation. The glacial transition lower, mean,
and upper infiltration cases cover a range of conditions that encompass all of the monsoon
climates and all but the present-day lower infiltration climate. Furthermore, most of the
regulatory compliance period (2,000 to 10,000 years) is modeled as being under glacial transition
climate. Because of the predominance in time and wide range of the glacial transition infiltration
cases, these three cases are used as representative for the low, mean, and high infiltration cases
for the entire compliance period.
6.5.2.5.1

Matrix and Fracture Percolation Fluxes

Similar to the approach taken in Drift-Scale Radionutclide Transport (BSC 2004
[DIRS 170040]), in the EBS-UZ interface model, the parameter uncertainty is included through
uniform sampling of the 433 different repository locations that have been assigned model
parameters such as fracture and matrix flux and water saturation values. These values have been
taken from the output of the UZ flow model for the repository host rock; see Sections 6.4.5 and
6.4.6 of Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040]) for additional
information. The sampled parameters that are based on repository locations are sampled such
that if a flux for a certain location is considered then the saturation for the same location is
also used.
6.5.2.5.2

Fracture Frequency

The fracture frequency distribution for each UZ model layer is presented in Table A-i of
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040], Appendix A, Table A-I). Since
approximately 80 percent of the waste emplacement drift area is occupied by the TSw35
(Topopah Spring welded tuff lower lithophysal) unit of the UZ model (Appendix H of
Drift-Scale Radionuclide Transport, BSC 2004 [DIRS 170040]), and because of the small
variation in fracture frequency among various units, it is sufficient to use the fracture frequency
distribution for TSw35 as given in Table A-I of Drift-Scale Radionuclide Transport (BSC 2004
[DIRS 170040], Appendix A, Table A-i).
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6.5.2.5.3

Fracture Fraction

The average fraction of the UZ that is occupied by fractures (also referred to as fracture porosity)
is given as a distribution in Table D-1 of Drift-Scale Radionuclide Transport (BSC 2004
[DIRS 170040], Appendix D). As with fracture frequency, the fracture porosity distribution for
TSw35 given in Table D-1 of Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040],
Appendix D) is sufficient for EBS modeling purposes.
6.5.2.5.4

Fracture Flow-Focusing Factor

The focusing of fracture flux is included through a flow-focusing factor to account for flow
heterogeneities at the drift scale that do not exist at the coarser scale of the UZ flow model. The
sampled fracture flux is adjusted by multiplying it by the sampled flow-focusing factor (see
BSC 2004 [DIRS 170040], Equation G-3 and Appendix C). A separate flow-focusing factor is
sampled for each of the 433 repository locations.
6.5.2.5.5

Matrix Porosity

A distribution for matrix porosity for various UZ model layers is given in Table D-1 of
Drift-Scale Radionuclide Transport (BSC 2004 [DIRS 170040], Appendix D, Table D-1).
Matrix porosity distribution for TSw35 is used for EBS modeling purposes.
6.5.2.5.6

Fracture Saturation

The physical saturation of the fracture is computed in Drift-Scale Radionuclide Transport
(BSC 2004 [DIRS 170040], Appendix G, Equation G-6). This takes into account the effect of
flow focusing to account for sub-grid-block-scale heterogeneity for the mountain-scale flow
fields in the fracture continuum. This value is calculated for the 433 repository locations for all
three infiltration cases.
6.5.2.5.7

Fracture Residual Saturation

The fracture residual saturation is computed in Drift-Scale Radionuclide Transport (BSC 2004
[DIRS 170040], Appendix G). It is developed for 433 repository locations and does not vary by
the infiltration case.
6.5.2.5.8

Matrix Intrinsic Permeability and Relative Permeability

The matrix effective permeability to water is derived from Drift-Scale Radionuclide Transport
(BSC 2004 [DIRS 170040], Equation 6-57), by multiplying the matrix intrinsic permeability by
the matrix relative permeability. The matrix intrinsic permeability for all four UZ model layers
at the repository horizon (TSw33, TSw34, TSw35, and TSw36) are given in Drift-Scale
Radionuclide Transport (BSC 2004 [DIRS 170040], Table 4-6) for each infiltration case. The
relative permeability is sampled for 433 repository locations and varies with the infiltration case;
it is given in Drift-ScaleRadiomnclide Transport (BSC 2004 [DIRS 170040], Table B-I).
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6.5.3

Summary of Computational Model

The object of the EBS radionuclide transport abstraction is to determine the rate of radionuclide
releases from the EBS to the unsaturated zone. In the EBS transport model, the EBS is spatially
partitioned into the following domains: (1) waste form, consisting of, for example, fuel rods,
HLW glass, and DSNF; (2) waste package corrosion products; and (3) invert. In addition, the
UZ immediately underlying the invert is conceptualized as a dual continuum consisting of
(4) UZ matrix continuum and (5) UZ fracture continuum. The inclusion of a portion of the UZ is
needed for an accurate calculation of the invert-to-UZ interface fluxes by providing a diffusive
path length that is sufficiently long such that the concentration at the outlet of the UZ can
realistically be assigned a value of zero.
In the waste form domain, degradation processes occur, including breaching and axial splitting
of fuel rods, dissolution of SNF and HLW glass, and formation of waste form colloids wherever
applicable. Dissolved species are transported by advection and/or diffusion to the waste package
corrosion products domain. The primary interactions in the corrosion products domain involving
radionuclide species are irreversible sorption onto stationary corrosion products, reversible and
irreversible sorption of dissolved species onto iron oxyhydroxide colloids, and reversible
sorption onto groundwater colloids and waste form colloids (when present). In the invert
domain, radionuclides released from the corrosion products domain are transported by advection
and diffusion, and interact With the crushed tuff by adsorption processes. The properties of each
domain, including the volume, porosity, water saturation, diffusion cross sectional area, and
diffusive path length, affect the rate of advective and diffusive transport of radionuclides through
the domain. The invert domain interfaces with both continua of the UZ. The properties of the
domains are defined in the following sections.
6.5.3.1

Waste Form and Waste Package Diffusion Properties

This section summarizes the general approach, major assumptions, main steps in the
computational algorithm, and the stochastic parameters for the in-package diffusion submodel
for TSPA-LA. The mathematical equations for the in-package diffusion submodel are described
in Section 6.3.4.3
The general approach for the commercial SNF (21-PWR and 44-BWR) waste packages is to
consider two pathways for diffusion: (1) through porous waste form products inside the
package, and (2) through porous corrosion products filling the bottom of the waste package.
Starting from the time when a package is first breached, the extent of degradation is determined.
This parameter is the basis for estimating the amount of corrosion products present inside a
package, and allows the water saturation and effective diffusion coefficient to be computed.
Implementation of the three-domain EBS abstraction requires that properties be specified for
each domain, including the volume, diffusive cross-sectional area, the diffusive path length,
porosity, water saturation, and the procedure for calculating the diffusion coefficient. These
properties must be specified for each type of waste package (CSNF, and codisposal waste
packages) and for the drip and no-seep environments.
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6.5.3.1.1

CSNF Waste Packages Properties

This section discusses the CSNF waste package properties in the following two domains: CSNF
waste form and CSNF corrosion products.
6.5.3.1.1.1

CSNF Waste Form Domain

In CSNF waste packages, the waste form domain consists of fuel rods. Except for 14C, which is
released from fuel hardware at the time of waste package breach (DTN: SN0310T0505503.004
[DIRS 168761]), radionuclides are released only from failed rods. Fuel rods initially fail either
by perforations in the cladding as a result of corrosion or by damage in handling or in seismic
events; however, it is assumed that the fuel rod cladding instantly splits along its length when the
waste package fails (BSC 2005 [DIRS 172895], Assumption 5.3). Fuel rods split when the SNF
reacts with the oxygen and moisture inside the waste package, forming metaschoepite. The
resulting material, having a greater volume than SNF (mostly U0 2), causes the fuel rod to split
open. The configuration of the failed rod is a mostly intact tube with the slit along the length
exposing the SNF inside.
The reacted SNF constitutes a porous "rind" that is modeled as saturating quickly and completely
with water, both in a seep and no-seep environment. The volume of the rind as a function of
time and the rind porosity are provided by Cladding Degradation Summary for LA (BSC 2005
[DIRS 172895]). Radionuclides dissolve in the water that fully saturates the pore volume of
the rind.
The diffusive area of the waste form domain is the total exposed surface area of the SNF in all of
the axially split fuel rods, i.e., the area of the slit times the number of failed fuel rods. This area
is provided by CladdingDegradationSwnmnaryfor LA (BSC 2005 [DIRS 172895]).
The diffusive path length is the thickness of the rind, which is a function of time as the SNF
reacts to form metaschoepite.
The diffusion coefficient is computed using Archie's law (Equation 6.3.4.3.5-2), with the
porosity of the rind and the assigned water saturation of 1.0. As discussed in Section 6.5.3.5, the
discretized mass balance equations use a diffusive conductance, which is a harmonic average of
diffusion coefficient terms (including diffusivity, porosity, saturation, diffusive path length, and
cross-sectional area for diffusion; see Equation 6.5.3.5-7), in this case, for the waste form and
corrosion products domains. Since the TSPA-LA model, GoldSim (GoldSim Technology Group
2002 [DIRS 160579]) computes the diffusive conductance, only the diffusion coefficients need
to be input, rather than the diffusive conductances themselves.
6.5.3.1.1.2

CSNF Corrosion Products Domain

The second domain consists of the corrosion products inside the waste package. The mass of
corrosion products (mcp) is given as a function of time by Equation 6.5.3.2-5 below. In
Section 6.3.4.3.4, a porosity (bcp ) of 0.4 for corrosion products is shown to be appropriate. For
purposes of calculating the water content of a breached waste package, the corrosion products
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are assumed to be Fe 20 3. With the known density of Fe2 0 3 (PFeO,), the pore volume of the
corrosion products domain is computed from:

V = me,,
-pOC
nPFO, ( I Oci,
Vcp

.

(Eq. 6.5.3.1.1-1)

In a seep environment, the water saturation (S,,,) is assigned a value of 1.0. In a no-seep
environment, the only water present is adsorbed water, and the saturation is the effective
saturation of corrosion products given by Equation 6.3.4.3.5-5. Uncertainty in the water
saturation of the corrosion products is provided for in the sampled specific surface area of the
corrosion products.
In a seep environment, the effective diffusion coefficient for corrosion products is given by
Archie's law (Equation 6.3.4.3.5-2), with the porosity Ocp =0.4 and the assigned water saturation
of 1.0.
In a non-seep environment, the effective diffusion coefficient is given by Eq. 6.3.4.3.5-6. The
diffusive area of the corrosion products domain for diffusion to the invert domain is the total area
of all waste package breaches, including corrosion patches and stress corrosion cracks. The
breached area is determined differently for each scenario class:
" For the nominal scenario class:
-

Without early failure modeling cases and with no localized corrosion, the breached
area is provided by the integrated waste package degradation model developed in
WAPDEG Analysis of Waste Package and Drip Shield Degradation (BSC 2004
[DIRS 169996], Section 7.1.1.1).

-

In the early failure modeling cases (no localized corrosion), the entire surface area of
the waste package is breached (WAPDEG Analysis of Waste PackageandDrip Shield
Degradation[BSC 2004 (DIRS 169996), Section 6.3.8]).

" For the seismic scenario class:
-

With ground motion damage only (no localized corrosion), the breached area is
provided by the Seismic Consequence Abstraction (BSC 2005 [DIRS 173247],
Section 6.5.3). This breached area is applied to the thickness of the waste package
outer shell only. For the rest of the corrosion products domain, the waste package
plan area, equal to the waste package diameter times its length, is used.

-

Localized corrosion could result from seepage flux when seismic damage to the drip
shield has occurred. The breached area is provided by the General Corrosion and
Localized Corrosion of Waste Package Outer Barrier (BSC 2004 [DIRS 169984],
Section 8.3.1).

* For the igneous scenario class:
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-

In the igneous intrusive modeling case, the entire waste package is breached, and the
waste package and cladding provide no further protection to the waste forms
(BSC 2004 [DIRS 168960], Section 6.7.1). Transport begins with transport through
the invert.

-

In the igneous eruptive modeling case, the entire inventory of affected waste
packages is made available for release to the air as ash. The EBS transport model
does not apply.

In all scenario classes, the corrosion products diffusive path length is a sampled parameter (see
Table 6.5-6) ranging from 0.02 m (the thickness of the CSNF waste package outer corrosion
barrier) to 0.859 m (the outside radius of a 21-PWR) (BSC 2004 [DIRS 169472], Table 1).
6.5.3.1.2

Codisposal Waste Packages Properties

Codisposal waste packages consist of five cylindrical canisters containing HLW glass (glass
"logs") surrounding a central canister of defense spent nuclear fuel (DSNF). After the
codisposal waste package is breached, the HLW glass slowly degrades to a clay-like alteration
product. However, the DSNF is modeled as degrading instantaneously (within a single
TSPA-LA time step) once the waste package is breached (BSC 2004 [DIRS 172453],
Section 8.1). In addition to the on-going fuel degradation, the steel support framework inside the
waste package also corrodes gradually, allowing the HLW glass logs to collapse onto each other
such that the general cylindrical shape of the logs is retained. On the other hand, since DSNF is
modeled as degrading instantaneously with no credit taken for the canister, it is expected that
DSNF will not retain its cylindrical geometry, and may mix with the steel degradation products
(iron oxyhydroxides) as a porous medium. With this assumption of the internal configuration of
a degraded codisposal waste package, two separate waste form subdomains are conceptualized,
one for HLW and the other for DSNF. The transport characteristics in each waste form
subdomain are expected to be different.
Since the EBS transport model is a one-dimensional model, the two waste form subdomains are
modeled sequentially, such that the HLW subdomain is upstream of the DSNF subdomain. The
mass released from the degradation of HLW glass moves to the DSNF subdomain by advection
and/or diffusion and is then transported to the corrosion product domain. This sequential
representation is consistent with the conceptualization that the DSNF will degrade quickly and
mix with the down-gradient steel corrosion products while the HLW glass logs will retain their
cylindrical geometry and remain up-gradient of the corrosion products. The seepage flux
through the waste package is also conceptualized to pass in series so that each waste form
subdomain and the corrosion product domain have the same seepage flux.
The diffusive area in the HLW waste form subdomain, for the mass transport calculation, is
calculated to be the combined initial surface areas of the five glass logs. The diffusive area in
the DSNF waste form subdomain is set equal to the diffusive area of the corrosion product
domain, which varies by the scenario class being modeled. This is reasonable because the
corroded mass of uranium oxide, formed from degradation of DSNF waste form, is expected to
mix with the iron oxyhydroxides formed from corrosion of steel components inside the waste
package and be dispersed throughout the waste package, occupying the same area. In the
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seismic scenario class for the ground motion damage case, an inner and an outer diffusive area is
modeled for the corrosion product domain because the breached area of the waste package from
the ground motion damage only applies to the outer barrier thickness of the waste package. In
this instance, the DSNF waste form diffusive area is set equal to the inner diffusive area of the
corrosion product domain, which is equal to the waste package plan area.
The volume of the HLW waste form subdomain is set equal to the volume of the degraded glass,
which is determined by the Defense HLW Glass DegradationModel (BSC 2004 [DIRS 169988],
Section 8.1). The volume of the DSNF waste form subdomain is set equal to the initial volume
of DSNF in a codisposal waste package, which is equal to 1 m3 (BSC 2004 [DIRS 172453],
Section 8.1). So, unlike the volume increase in the HLW subdomain as degradation continues,
the volume of DSNF is fixed because all the mass is degraded almost instantaneously.
The diffusive path length from the HLW waste form subdomain to the DSNF waste form
subdomain is determined as the thickness of the degraded glass alteration product (the rind
thickness) by the Defense HLIV Glass Degradation Model (BSC 2004 [DIRS 169988],
Section 8.1). This thickness varies as more mass is degraded. The diffusive path length from the
DSNF waste form subdomain to the corrosion product domain is determined by dividing the
DSNF volume of 1 m3 by the diffusive area of the DSNF subdomain.
The diffusion coefficient for the HLW subdomain is computed using Archie's law
(Equation 6.3.4.3.5-2). For the DSNF subdomain the effective diffusion coefficient is computed
by multiplying the free water diffusion coefficient with porosity and saturation. The exponents
on porosity and saturation, as used in the Archie's Law, are set to unity in order to maximize the
diffusion coefficient without taking credit for tortuosity, as the powdered mass of DSNF is
conceptualized to be mixed in with the stationary corrosion products. The porosity of the HLW
glass degradation products (rind) is given as 17 percent by the Defense HL W Glass Degradation
Model (BSC 2004 [DIRS 169988], Table 8-1), and the assigned water saturation is 1.0 (as
inferred by the volume of pore water being equal to the pore volume in Equations 54 and 55 in
BSC 2004 [DIRS 169988], Section 8.1). A porosity of 0.2 is used for DSNF, as degraded DSNF
is conceptualized to be in a powdered form. The porosity is based on the porosity of
unconsolidated sand, which ranges from 0.25 to 0.50 (Freeze and Cherry 1979 [DIRS 101173],
Table 2.4). A value lower than this range is used to account for some consolidation; the porosity
of sandstone, for example, ranges from 0.05 to 0.30 (Freeze and Cherry 1979 [DIRS 101173],
Table 2.4). This value is adequate as smaller water volume results in higher radionuclide
concentrations and hence overestimates releases. The DSNF is also considered fully saturated,
yielding a water volume of 0.2 m3 .
The volume in the corrosion products domain is proportional to the mass of steel that has
corroded. The mass of corrosion products is estimated as a function of time based on sampled
corrosion rates for carbon and stainless steels. As shown in Table 6.3-4, the total mass of steel in
a codisposal waste package (5 DHLW/DOE SNF - Short) is slightly less than in a 21-PWR.
Using this mass and the porosity and density of corrosion products, the volume of the corrosion
products domain in a codisposal waste package is computed using Equation 6.5.3.1.1-1. Because
of the deliquescent nature of glass and glass degradation products, the waste form is modeled as
being fully saturated (BSC 2004 [DIRS 169988], Section 8.1), and the corrosion products that
surround those materials are considered to be fully saturated as well.
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Because the degraded DSNF and the corrosion products are conceptualized to be physically
mixed together, the water volume associated with the corrosion products is expected to dominate
the water volume associated with DSNF due to the larger mass of steel. For this reason, the
water volume associated with DSNF can be considered as the lower bound for the water volume
in the corrosion products domain. Once the water volume associated with corrosion products
exceeds the water volume associated with DSNF, then the corrosion products water volume
is used.
The diffusive area in the corrosion products domain is the total area of all breaches in the
Alloy 22 outer corrosion barrier of the waste package. The diffusive area is dependent on the
scenario class; the determination of diffusive areas as discussed in Section 6.5.3.1.1 for CSNF
waste packages also applies to CDSP waste packages.
The diffusive path length in the corrosion products domain is uncertain because the actual source
of dissolved radionuclides inside the waste package may be located anywhere within the waste
package at any given time. As a result, the path length is sampled, ranging from the minimum
value equal to the thickness of the outer corrosion barrier (0.025 m) to the maximum value equal
to the nominal radius of the 5 DHLW/DOE SNF - Short codisposal waste package, 1.063 m
(BSC 2004 [DIRS 169472], Table 1).
The diffusion coefficient in the codisposal waste package corrosion products domain is
computed the same as for the CSNF corrosion products domain using Archie's law
(Equation 6.3.4.3.5-2), with the porosity of the corrosion products (cp= 0.4) and the assigned
water saturation of 1.0.
6.5.3.2

Calculation of Corrosion Products Mass and Saturation

The mass of corrosion products in a breached waste package varies over time, from zero when
the waste package is first breached to a maximum amount given in Table 6.3-4 that depends on
the type of waste package. The mass is computed by linearly interpolating over the lifetime of
each of the two major types of steel comprising the internal components of a waste packagecarbon steel and stainless steel. The major steps in the computational procedure are:
Determine the extent of degradation of the iron-based internal components of the waste
package and the resulting surface area available for adsorption of water vapor. This is a
two-step process.
First Step-Suppose the iron-based internal components have a lifetime equal to that of
either the carbon steel components (maximum 10 mm thick) or the stainless steel inner
vessel, which is 50 mm thick. Compute the lifetime by dividing the thickness by the
corrosion rate for each type of steel. From Table 6.3-4, carbon steel comprises
30 percent of the total mass of steel in a 21-PWR and 33 percent in a 44-BWR. As an
approximation, one-third of the iron-based internal components in all waste packages is
carbon steel and two-thirds is stainless steel. Each type of steel corrodes at a different
rate, determined by sampling its rate distribution. The lifetime of carbon steel (yr) is
then given by:
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t=

(Eq. 6.5.3.2-1)

1000 (MaxThickCS)

ri

where r, is the sampled value for the corrosion rate of carbon steel (Pm yrl), and
MaxThickCS is the maximum thickness of carbon steel components (mm). From
D&E/PA/C lED Typical Waste Package Components Assembly (BSC 2004
[DIRS 169472], Table 2), the maximum thickness of a carbon steel waste package
component is 3/8 in. = 9.525 mm, which is rounded to 10 mm for this parameter value.
For carbon steel corrosion rates ranging from 106.93 to 65.76 jim yr-' (Table 6.5-6), tf
ranges from 94 to 152 yr.
Similarly, the lifetime of stainless steel (yr) is given by:
(Eq. 6.5.3.2-2)

tf2 = 1000 (Maxhick..SS)

r2
where r2 is the sampled value for the corrosion rate of stainless steel (jim yr'), and
MaxThickSS is the maximum thickness of stainless steel components (mm). From
Design and Engineering, 21-PWR Waste Package Configuration (BSC 2004
[DIRS 167394], Detail A), the maximum thickness of a stainless steel in a waste
package is the inner vessel thickness of 50.8 mm. For stainless steel corrosion rates
ranging from 0.51 to 0.03699 jim yr' (Table 6.5-6), t1 2 ranges from 1.0 x 105
to 1.37 x 106 yr.
Second Step-One-third of the total mass of the internal components is assigned to
carbon steel components and two-thirds are assigned to stainless steel components,
similar to the assumption for the first step. When these components are fully corroded,
the same proportions hold, but the rate of formation of corrosion products depends on
the sampled rates of the two types of steel. The total mass of corrosion products when
internal components are fully degraded, mcpf (19,440 kg Fe 20 3 in a 21-PWR; see
Section 6.3.4.2.2), is based on data presented in Table 6.3-4. The initial mass of
corrosion products is zero. For each type of steel, the mass of corrosion products present
at time t (yr) is proportional to the fraction of the lifetime of each steel since the waste
package was breached:
tfl)3 -

Carbon steel:

mcn

t'

-to

fI

=

(Eq. 6.5.3.2-3)
. mcP,
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Stainless steel:

(Eq. 6.5.3.2-4)

mnCP2

t -t

> 1f2,ý

where to is the time (yr) when the first breach appears in the waste package.
Then the total mass of corrosion products present is mcp(t) = mcpl +
Equations 6.5.3.2-3 and 6.5.3.2-4:
Total corrosion products:
mcP(t)=mcPf min1t-10,lJ+2min

nCP2,

or, inserting

t-t' ',It
(Eq. 6.5.3.2-5)

The total surface area of corrosion products, scp, is obtained using the sampled value for
the specific surface area of corrosion products, Ycp:
Total surface area:

scp = 37pnc

(Eq. 6.5.3.2-6)

Let the water saturation in the waste package corrosion products be 1.0 in the seep
environment for both CSNF and codisposal waste packages and in the no-seep
environment for codisposal waste packages. For CSNF waste packages in the no-seep
environment, use the adsorption isotherm for Fe 20 3 and compute the amount of water
vapor adsorbed (number of monolayers and film thickness) and the water saturation in
the waste package corrosion products as follows (see Section 6.3.4.3.5):
S,.e,cp

= 3.28 x 10-6 cp (- In RH)-2.45

(Eq. 6.5.3.2-7)

Compute the effective diffusion coefficient for steel corrosion products, Ds, using
Archie's law (see Section 6.3.4.3.5, Equation 6.3.4.3.5-6) with a fixed porosity of
0.4 (see Section 6.3.4.3.4) and the water saturation S,.e obtained from the preceding
bullet (either 1.0 or Equation 6.5.3.2-7).
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6.5.3.3

Invert Domain Properties

The volume of the invert is equal to its cross sectional area (i.e., the area of a segment of a circle)
times the axial length. Based on the drift diameter of 5.5 m (BSC 2004 [DIRS 169503]) (or drift
radius rD =2.75 m) and maximum invert thickness of tla =2 ft 10 in. = 0.8636 m (BSC 2004
[DIRS 169503]), the width of the top surface of the invert is (Perry et al. 1963 [DIRS 119529],
p. 2-6):
w, = 2jr,-(rD-tfJ =4.00 m.

(Eq. 6.5.3.3-1)

The frontal cross sectional area of the invert is (Perry et al. 1963 [DIRS 119529], p. 2-6):
-

rDrD

-

t

I,mar

'~a
2'DImu

(Eq. 6.5.3.3-2)
= 2.3 9m'.
The invert volume is this area (A,) multiplied by the length of interest, for example, the length
of a waste package, Lp. The volume of water in the invert beneath a waste package of length
LOW, is:
V., = OS,,AI

;p ,

(Eq. 6.5.3.3-3)

where 0 is the porosity of the invert, and S,, is the water saturation of the invert.
For purposes of modeling flow and diffusion through the invert, the invert is regarded as having
a rectangular cross section with a top surface being the actual top surface of the invert. The cross
sectional area for flow or diffusion between the invert and the unsaturated zone is:
Alluz = wL,,,p-

(Eq. 6.5.3.3-4)

The average thickness of the invert is given by:
L=0.597
= =,
m.

(Eq. 6.5.3.3-5)

WIV

Using this value preserves the top surface area and volume of the invert.
Sorption of radionuclides to the invert crushed tuff is modeled by applying the devitrified tuffKd
values from the UZ submodel to the invert. Ranges and distributions for these Kd values are
shown in Table 4.1-15. The Kd values are correlated using the correlation matrix shown in
Table 4.1-16.
The bulk water content in the invert, 0 (percent), is used to compute the diffusion coefficient in
the invert, Equation 6.3.4.1.1-22 (in which r.' 86 3SlI863
.
= (0/100)1'863). The bulk water content in
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the invert is determined from the intragranular water saturation provided by Multiscale
Thermohydrologic Model (BSC 2005 [DIRS 173944], Appendix X) and the seepage flux
provided by the Seepage Modelfor PA Including Drift Collapse (BSC 2004 [DIRS 167652]).
The relationship between the bulk water content and the intergranular and intragranular water
contents is based on the definitions of water content using the volumes of water, solids, and
pore spaces:
winte

intra = 100

+

Vnr

V

V. ne + 1V nr
0 = 100

winter + 100 Vw-inr

(Eq. 6.5.3.3-6)

'Jn

Oinre +r 100

V,
where Vvinr is the volume of water in the intergranular pore space (m3), V, itr, is the volume of
water in the intragranular (matrix) pore space (m3 ), J' is the total bulk invert volume (m3), and
,ner is the intergranular water content (percent).
The ratio of intragranular water volume to total invert bulk volume, V,,nr,, I V,, is related to the
porosity
of the
of the
intragranular
(tuff
matrix)
pore
space,
•6,nr,
3
3
(mi pore volume m- matrix volume):
Vw intra

.

tintraSw_intra =

intra (t

-

Vtinter Xwjntra

(Eq. 6.5.3.3-7)

(,E 6, 3,.7
where Sw-_intra is the water saturation of the matrix (m3 water M- 3 pore volume), V,_in•t• is the total

pore volume of the matrix (mi3 ), and V,_,,er is the total pore volume of the intergranular pore
space (mi3 ). This expression makes use of the definition of matrix porosity, i,,r,, as the ratio of
matrix pore volume to total matrix volume, where the latter is the difference between the bulk
invert volume, V, and the intergranular pore volume, V,-i,,•n:
0ittra =

V,-intra

(Eq. 6.5.3.3-8)

which can be rearranged to give:
Vt intra =

intra(V; -- Jinter)"

(Eq. 6.5.3.3-9)

Substituting the definitions of percent water content (Ontra = lOOintraSwv intra) and porosity
(fraction) of the intergranular pore space, (O5,,,r = Viner /V,), the ratio V_•i,,,ra/V, in Equation
6.5.3.3-6 can be written:
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100

,jntra

V,

= Oinlra(0

_ ner )

(Eq. 6.5.3.3-10)

Inserting this into Equation 6.5.3.3-6 results in the expression for the bulk water content of
the invert:
0

= 0;nter + (10-- •,,r)omnira.

(Eq. 6.5.3.3-11)

The intragranular water content, Ownra, is calculated by multiplying the intragranular water
saturation provided by the Multiscale ThermohydrologicModel (BSC 2005 [DIRS 173944]) with
the intragranular porosity of qn,,,r,, = 0.131 (DTN: LB0207REVUZPRP.002 [DIRS 159672];
Spreadsheet "MatrixProps.xls", Row 20, Column C).
The intergranular water content, O,,fer, is evaluated indirectly from the total dripping flux into the
drift. The volumetric discharge into the invert, Q, (mi3 water s-'), is equal to the total dripping
flux (seepage plus condensation) into the drift (see Equation 6.5.1.1-8, where F, = F); the
imbibition flux, F7 , does not enter the intergranular continuum and is not included in Q,, which
is given by:
Q, = K.JI,A1s

(Eq. 6.5.3.3-12)

where K., is the unsaturated hydraulic conductivity of the invert (m s-1), Is is the hydraulic head
gradient in the invert (m m-1), and A,, is the intercepted flow area of a drift over the length of
one waste package, having a value of 28.05 m' (BSC 2004 [DIRS 167652], Section 6.3.1). For
vertical one-dimensional flow, a hydraulic head gradient of unity (I, = 1m/m) is a bounding
value for saturated rock with a free surface exposed to the open drift. Unsaturated crushed rock
in the invert will have a lower head gradient, but by using a gradient of unity,
Equation 6.5.3.3-12 simplifies and allows the unsaturated hydraulic conductivity of the invert to
be evaluated given the seepage flux into the drift:
K,. = A•-.

(Eq. 6.5.3.3-13)

The moisture potential, V (bar), of the invert has been evaluated as a function of unsaturated
hydraulic conductivity in Multiscale Thermohydrologic Model (BSC 2005 [DIRS 173944],
Appendix X, Table X-6) for various particle sizes. The determination of intergranular water
content uses a particle size of 3 mm (BSC 2005 [DIRS 173944], Section 6.3.11). Interpolating in
Table X-6 of Multiscale Thernohydrologic Model (BSC 2005 [DIRS 173944]) for the
unsaturated hydraulic conductivity of the invert, K,,,, as given by Equation 6.5.3.3-13, results in
a value for the moisture potential, V/, which is inserted into a van Genuchten fitting function
(BSC 2005 [DIRS 173944], Equation X.4) to give the intergranular water content:

ANL-WIS-PA-000001 REV 02

6-177

August 2005

EBS Radionuclide Transport Abstraction

i,,fer = 0+

(Eq. 6.5.3.3-14)

,,

Parameters in Equation 6.5.3.3-14 are:
0,

= residual volumetric water content in the invert (percent)

= 5.0 (BSC 2005 [DIRS 173944], Appendix X, Table X-7)
0,

= saturated volumetric water content in the invert (percent)

= 45.0 (BSC 2005 [DIRS 173944], Appendix X, Table X-7)
a

= van Genuchten air-entry parameter (bar-')
= 624. bar-' (BSC 2005 [DIRS 173944], Appendix X, Table X-7)

n

= van Genuchten n value (dimensionless)
= 8.013 (BSC 2005 [DIRS 173944], Appendix X, Table X-7)

m

= van Genuchten m value (dimensionless)
= 0.875 (BSC 2005 [DIRS 173944], Appendix X, Table X-7)

With the algorithm and parameters described in this section, the bulk volumetric water content in
the invert is obtained.
6.5.3.4

Irreversible Sorption onto Iron
Corrosion Products

Oxyhydroxide

Colloids

and Stationary

Irreversible sorption of Pu and Am onto iron oxyhydroxide colloids and stationary corrosion
products in the corrosion product domain is included in the TSPA-LA model, as described in
Section 6.3.4.2.3.2. A linear forward rate constant, k,, for irreversible sorption reactions is
needed for the source terms in the mass balances for radionuclides that undergo irreversible
sorption. In Equation 6.5.1.2-46, the mass balance for dissolved and reversibly sorbed
radionuclide species i, the forward rate constant appears in a term that removes dissolved
radionuclides from solution. In Equations 6.5.1.2-47 and 6.5.1.2-48, the mass balances for
irreversibly sorbed radionuclide species i on mobile iron oxyhydroxide colloids and stationary
corrosion products, respectively, the forward rate constant appears in a term that increases the
concentration of irreversibly sorbed radionuclide species i.
In the no-seep case or where iron oxyhydroxide colloids are unstable, the forward rate constant is
randomly sampled from a range developed in Waste Form and In-Drift Colloids-Associated
Radionuclide Concentrations: Abstraction and Summary (BSC 2004 [DIRS 170025],
Section 6.3.3.2) from experimental data of 0.01 m3m- yr- to 0.24m m-2yr-', with a
log-uniform distribution (DTN: SN0309T0504103.010 [DIRS 165540]).
For the seep case and where colloids are stable, the forward rate constant k, describing
irreversible sorption to iron oxyhydroxide corrosion products and colloids (Equations 6.5.1.2-13
and 6.5.1.2-18, respectively) is computed as a fitting parameter to match a specified target flux
out ratio for the corrosion products domain (BSC 2004 [DIRS 170025], Section 6.3.3.2). The
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target flux out ratio ()) is the ratio of radionuclide flux exiting the corrosion product domain that
is transported by colloids to the total radionuclide flux exiting the corrosion product domain (in
dissolved state or sorbed onto colloids). The mass of radionuclides in the fluid exiting the
corrosion products domain is expected to be proportioned such that the mass of radionuclide
species i both reversibly and irreversibly sorbed onto all colloids is some fraction of the total
mass of radionuclide species i exiting the system in all forms-aqueous, reversibly sorbed, and
irreversibly sorbed. Observations in nature, such as the transport of Pu from the Benham test site
(Kersting et al. 1999 [DIRS 103282]) indicate that this fraction is about 95 percent.
This is expressed as:
colloid mass flux out
= total
oa mass
asfu
u
flux out

= 0.95.

(Eq. 6.5.3.4-1)

This target flux out ratio value of 95 percent is uncertain with an uncertainty range of 0.9 to 0.99
and a uniform distribution associated with it (BSC 2004 [DIRS 170025], Table 6-12, p. 6-72). It
also may be a function of time, since the observation time for the Benham test is only about 50
years. In TSPA-LA, irreversible sorption occurs only for Pu and Am.
The dependence of the forward rate constant on the target flux out ratio is obtained from an
analytical solution of a finite difference approximation of transport in the corrosion products
domain. The function for evaluating the forward rate constant is given by Equation B-72 in
Appendix B.
This treatment applies in a seep environment. The calculated forward rate constant is
constrained to be less than or equal to the experimentally derived maximum value of the sampled
range for the no-seep environment, 0.24 m3 m-2 yr(DTN: SN0309T0504103.010
[DIRS 165540]). This approach is adopted because honoring the experimentally derived value is
deemed more appropriate than honoring the target flux out ratio.
6.5.3.5

Discretization and Development of Computational Model for TSPA-LA

The continuum mass balance equations for EBS transport model are described and developed in
Section 6.5.1.2. The one-dimensional mass balance equation describing transport of dissolved
and reversibly sorbed radionuclide species i is provided by Equation 6.5.1.2-46. The
one-dimensional mass balance equations for irreversibly sorbed radionuclide species i on iron
oxyhydroxide colloids and corrosion products are given by Equations 6.5.1.2-47 and 6.5.1.2-48,
respectively. The solution of these continuum-form mass balance equations is approximated for
the purpose of numerical modeling by the solution of discrete forms of these equations using a
finite-difference approach. This requires the discretization of the time derivative (or mass
accumulation term) and the advective and diffusive terms for both dissolved and colloidal
transport. All other source terms and decay terms do not require discretization in either time
or space.
Numerical modeling of the EBS radionuclide transport is performed using the GoldSim software
(Golder Associates 2003 [DIRS 166572]) cell pathway capability, available in the GoldSim
Contaminant Transport Module. The cell pathway acts as a batch reactor, where radionuclide
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mass is assumed to be instantaneously and completely mixed and partitioned among all media
(fluid or solid) within the cell. Both advective and diffusive transport mechanisms can be
explicitly represented using the cell pathways. When multiple cells are linked together via
advective and diffusive mechanisms, the behavior of the cell network is mathematically
described using a coupled system of differential equations, and is mathematically equivalent to a
finite difference network. GoldSim numerically solves the coupled system of equations to
compute the radionuclide mass present in each cell and the mass fluxes between cells as a
function of time. Both initial and boundary conditions for a cell can be defined explicitly, and
systems of varying geometry can be modeled.
Within a computational cell network, each cell is allowed to communicate by advection and/or
diffusion with any other cell. This concept is crucial in implementing the bifurcation of diffusive
fluxes across an interface between a single continuum domain and a dual continuum domain,
such as at the interface between the invert domain and the unsaturated zone. Each computational
cell is provided with parameters describing water volumes, diffusive properties, and advective
and diffusive flux links to other cells. Between any two cells, the diffusive flux can be
bidirectional, depending on the concentration gradient, while the advective flux is unidirectional.
The output of a cell is given in terms of the advective and diffusive mass fluxes for radionuclide
species i and its concentration at the cell center.
The number of cells in the finite-difference network and the discretization of the cells is chosen
in such a way as to capture the unique physical and chemical properties of the EBS components
with respect to radionuclide transport. The abstractions are in the form of logic statements and
stochastic distributions that provide a method for linking various cells in the network.
Implementation of the EBS flow and transport model for TSPA-LA uses the output of the drift
seepage model (BSC 2004 [DIRS 169131]), the models for drip shield and waste package
degradation (BSC 2004 [DIRS 169996]), the EBS physical and chemical environment model
(BSC 2005 [DIRS 173727]), the thermal-hydrologic environment model (BSC 2005
[DIRS 173944]), and the waste form degradation and mobilization model (BSC 2004
[DIRS 172453]); Defense HLW Glass Degradation Model (BSC 2004 [DIRS 169988]); and
CSNF Waste Form Degradation: Swnmary Abstraction (BSC 2004 [DIRS 169987]). The flow
through various cells is based on the continuity equations and conservation of mass, as discussed
in Section 6.3. An overview of the computational model for TSPA-LA, as implemented using
GoldSim, is provided below.
Radionuclide transport through the waste package is modeled by spatially discretizing the waste
package into two domains: an upstream waste form domain and a downstream corrosion
products domain. As implemented using GoldSim, a single waste form cell represents the entire
volume of the CSNF waste form domain, and two waste form cells represent the two CDSP
waste form subdomains (HLW and DSNF subdomains, which together comprise the single
CDSP waste form domain), while a single corrosion products cell represents the entire volume of
the corrosion products domain. These are illustrated in Figure 6.5-4 below by the EBS portion of
the cell network - waste form cell, corrosion products cell, and invert cell.
The waste form cell receives mass from a specialized GoldSim "Source" cell, which models the
waste package failure, degradation of the waste form, and release of the inventory for possible
transport through the EBS. The "Source" cell provides the specified flux boundary condition for
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solving the mass transport equations. Both advective and diffusive transport can occur from the
waste form cell to the corrosion products cell. Reversible and irreversible sorption of
radionuclides to the corrosion products along with colloid facilitated transport of radionuclides is
modeled as described in Appendix B. Three types of colloids, namely, waste form colloids, iron
oxyhydroxide colloids, and groundwater colloids, are considered that can facilitate the transport
of radionuclides by reversible and/or irreversible sorption. The waste form colloids are
generated in the waste form cell (for the co-disposal waste package only), while the iron
oxyhydroxide colloids and groundwater colloids are modeled in the corrosion products cell. All
three types of colloids can transport to the downstream cells by diffusion and advection.
The discretization of the invert domain, using GoldSim, consists of one cell. Both advective and
diffusive flux communication exist between the corrosion product and invert cells. Advective
flux due to imbibition from the host rock to the invert may enter the invert cell.
Below the invert, part of the near-field UZ is modeled by an array of cells. The inclusion of the
UZ portion in the model serves to establish a far field zero-concentration boundary and an
accurate representation of the radionuclide flux at the invert-to-UZ interface. The EBS-UZ
interface model is described in more detail in Section 6.5.3.6. The dual continuum approach for
modeling the UZ is achieved by creating UZ matrix and fracture cells. The invert cell
communicates with the UZ matrix and fracture cells directly below it in the UZ cell array (see
Section 6.5.3.6).
The following description focuses on discretization of the mass balance equation for the
dissolved and reversibly sorbed mass (Equation 6.5.1.2-46). Similar treatments apply to the
mass balance transport equations for the irreversibly sorbed radionuclide species. In order to
describe the time discretization, let the superscript n represent a solution at the nth time. The nth
time step assumes the radionuclide concentrations are known at time step n, and the solution
provides the concentrations at time step n+l. Over this time step, the accumulation term uses a
first order backward-in-time discretization:
n-,R n(Cw'
v-OS

[~R f ic]

c)

At

(Eq. 6.5.3.5-1)

where the adsorption retardation factor,

Rf, =1-•lbKdi.

+Kdi,.rCITCJ

+KdiCFeotCF0r., +KdiCGJCcG1,,

(Eq. 6.5.3.5-2)

and the cell water content are evaluated at the beginning of the time step, and At is the time step
size from the nth to the (n1 + 1)th time.
The advective transport is discretized with a first order backward (with respect to the flow
direction) difference approximation. If the mass balance is applied to cell B, and the advective
flux is from cell A to cell B with magnitude q,,. (mi3 water m-2 yr-'), then
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a [q,.-(I + Kd
1 ,,,,FC •,,,
aFz

+ KdiceO.,CCFeOx + KdicG,,,CCG1v

[Q,',z (lI+Kdic;VFGC•,,. + Ko

Fo.,+
C

IQ1071 +KdiC,,rF CcCIJF + KdicFeO.,cFO.:

)Ci]

Kdi•G,,.%c,""'""C"*'],,

(Eq. 6.5.3.5-3)

+ KdieG1V

(Eq 6...53

GIW '714

where Q,,,: (mi3 water m- 3 cell B yf-) is the advective water volume flux per unit bulk volume.
The advective flux and colloid concentrations are evaluated at the beginning of the time step.
The concentration of radionuclide species i is evaluated at the end of time step. The first term in
the difference approximation is the advective mass flux entering cell B from cell A. The second
term is the advective mass flux exiting cell B.
Consider the accumulation of solute mass in cell B due to diffusion. Suppose there are diffusive
flux links from cell A to cell B and from cell B to cell C. The dissolved mass diffusive flux
accumulation in cell B is approximated by:
a

a

'S-z

FAIB

,

(Eq. 6.5.3.5-4)

where FA4, is the diffusive mass flux (mass/time) across the cell A and B interface. Similarly,
FBIC is the diffusive mass flux (mass/time) across the cell B and C interface.
Consider the discretization of the diffusive flux at the A/B interface. A similar representation
occurs at the B/C interface. Apply Fick's First Law and continuity of flux at the interface. Then
the flux entering the A/B interface from cell A must equal the flux exiting the A/B interface to
cell B. This interface flux continuity condition is expressed as:

(Eq. 6.5.3.5-5)

RA

where [,C-•LB is the concentration at time step n+1 at the interface, as indicated by the subscript
A/B, and D, A, and L are the cell effective diffusion coefficient, diffusive area, and diffusive
length, respectively. If the A/B interface diffusive flux is expressed as an interface diffusive
conductance times the concentration difference between cells A and B:
FAR =DCAIB,(CA

-CB),

(Eq. 6.5.3.5-6)

then the flux continuity condition provided by Equation 6.5.3.5-5 gives the interface diffusive
conductance as:
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Dc ,AB =

.

(L

+(

(Eq. 6.5.3.5-7)

L

OSA)A OASDAB

The diffusive conductance is the harmonic average of OSw/DA between the two cells. At the B/C
2L
interface a similar expression gives:
1

Dc

c =
C

(Eq. 6.5.3.5-8)

L
[ SSDAJB
+
3

IZDA

The discretization of the accumulation of solute mass in cell B due to diffusive transport is:

a

. aC'

Dc BIC(CT'I - [C7+'1L)-Dc-AB(/BCT+1 -[C

az
azVB

(

'14 )

(Eq. 6.5.3.5-9)

The mass balance equations are discretized with the dependent concentration variable for the
spatially dependent terms evaluated at the end of time step, C"'1. This is stated explicitly in the
discretization of the advective/diffusive terms. For other source terms, such as radionuclide
decay, irreversible sorption reaction onto iron oxyhydroxide material and so forth, the
concentration is also evaluated at the end of the time step. In this sense, the mass balance
equations are fully implicit and the discretization provides numerical stability. However,
coefficient terms such as the moisture content are evaluated at the beginning of the time step.
This formulation results in a linear system of equations that is solved for concentrations. If the
coefficients depending on concentration were evaluated at the end of time step, then the resulting
discretized algebraic equations would be nonlinear. The nonlinear system would require much
more computational effort. Furthermore, the computational modeling tool (GoldSim) only
solves linear systems.

For this reason, all concentration-dependent coefficient terms are

evaluated explicitly at time step n.
Within the waste form domain, some part of the dissolved mass of Pu and Am made available
from the degradation of HLW glass is converted to "embedded" mass on the waste form colloids.
This conversion is required to satisfy the condition that some mass of Pu and Am is "embedded"
as an intrinsic part of the colloid and is not in equilibrium with the aqueous system, when
generated from the degradation of HLW. This mass is thus transported separately as a distinct
species [Waste Form and 1n-Drift Colloids-Associated Radionuclide Concentrations:
Abstraction and Summary (BSC 2004 [DIRS 170025], Sections 6.3.1 & 6.3.3.3)]. The mass rate
of conversion per unit volume of water is modeled as a first order reaction given by Aelllbedc,
where 2 erbcd is the linear rate constant, and concentration C, is the dissolved concentration of Pu
and Am species in the waste form domain. The conversion rate A,"'bed is calculated at each time
step in the waste form domain. Its calculation is discussed below.

ANL-WIS-PA-000001 REV 02

6-183

August 2005

EBS Radionuclide Transport Abstraction

The concentration of the embedded radionuclide mass with respect to the water volume in the
waste form domain, Cembed, and the concentration of waste form colloids, CcIT, are determined
at each time step based on the logic given in the Waste Forui and In-Drifit Colloids-Associated
Radionuclide Concentrations: Abstraction and Summary (BSC 2004 [DIRS 170025],
Section 6.5.1.1). Taking the ratio of embedded radionuclide concentration to the waste form
colloid concentration, C'11T , gives the embedded radionuclide mass per unit mass of the waste
form colloid.
Suppose that the solution for embedded radionuclide concentration (C,'bed)n and colloid
concentration (Cc,T)" has been determined at time step n and the solution at current time step
n+1 is required. Furthermore, suppose that the total mass flux (combined advective and diffusive
mass flux) of waste form colloids per unit bulk volume, (Qldiff) , is available from the solution
at time step n from the waste form colloid mass balance equation (Eq. 6.5.1.2-36). Then the
Crepresents
rerset the mass flux at time level n of embedded radionuclide
quantity, [Zavldff Cc,,F

Q

species i from the waste form subdomain containing the HLW glass logs to the waste form
subdomain containing the DSNF. A continuum mass balance for embedded radionuclide mass
within the waste form domain is:
a

t'

VS.C~embed

C embed

--

v/dCr

+ 2mbed• S•C,.

(Eq. 6.5.3.5-10)

Discretization of this equation gives:
-- (•sCembedyn
tn+I __n

(OS

cfmbedrn+l

t +1-tn
di
-- --

_xc
C;mbed )"

I+

adv diff

(Eq. 6.5.3.5-10a)
i

i)n
Cmbed(
A wC

This equation is solved for the conversion rate:
(vScembed

Z7mbed

'v* I
.'•*
! --.(+lSCembed

=At

m(btdCC).

embed )
f
(+
iQl,,ldiff["e
CcjjF-1b

(Eq. 6.5.3.5-l0b)

(Cimbed •`

is calculated from the logic provided in the Waste Form and In-Drift
Colloids-AssociatedRadionuclideConcentrations: Abstraction andSummary (BSC 2004 [DIRS
170025], Section 6.5.1.1). The concentration
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of the ionic strength and pH. This waste form domain conversion rate is applied to the i species
mass balance equation for the solution mass, Eq. 6.5.1.2-38, and for the embedded mass, Eq.
6.5.1.2-37.
The above diffusive flux discussion considers the diffusive flux communication from cells within
a single continuum. For transport from the invert domain (single continuum) to the UZ (dual
continuum), the flux continuity condition at the interface provides the diffusive flux bifurcation
between the single continuum and the dual continuum.
The diffusive fluxes of radionuclide species i within the invert cell, the UZ fracture cell, and the
UZ matrix cell are, respectively,

= l(C,,
,

F-

-

OS,,, fAl:
- Cl

=

AL,

)i

f)

(Eq. 6.5.3.5-12)

=D15f(CUI /uz - Cif),

F,. = OS,,D.A,
m

i(c.,,

-CJ)

L.
= 1.
(il

(Eq. 6.5.3.5-13)
uz-

Cim)

where

and the

D2
Df

= effective diffusion coefficient within the invert cell (cm2 s-1),
= effective diffusion coefficient within the UZ fracture cell (cm2 s-1),

Dm

= effective diffusion coefficient within the UZ matrix cell (cm2 s-1),

AIUZ
LI
Lf

= diffusive area between the invert and UZ cells (M 2),
= diffusive length within the invert cell (m),
= diffusive length within the UZ fracture cell (in),

Lm

=

Ci,
C¢f

= concentration of radionuclide species i in the invert cell (kg i m-3 ),
= concentration of radionuclide species i in the UZ fracture cell (kg i m-3),

Ci,
C~i/UZ

= concentration of radionuclide species i in the UZ matrix cell (kg i m-3),
= concentration of radionuclide species i at the interface between the invert
and UZ cells (kg i m-3),

diffusive length within the UZ matrix cell (in) =Lf,

- DA are respective diffusive conductances (cm 3 S-I).
L
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The flux continuity at the interface requires:
F•I = F1 +F,.

(Eq. 6.5.3.5-14)

From the flux continuity, the interface concentration of radionuclide species i is determined as a
function of the diffusive parameters and the cell concentrations as:
DC. +DCc. +D.C,m
Im
C z+D.+Dm

(Eq. 6.5.3.5-15)

This provides the invert intergranular and intragranular diffusive fluxes of radionuclide species i,
respectively, as:
FifD

(Cil -Cif )+ .

=DI +Df +D
.sD=Cm

D~
, +D5s +Dm,

I),

C)fC,

(Eq. 6.5.3.5-16)

if)

(Eq. 6.5.3.5-17)

DI,+Dfs+D.
(C.

-c

D,+D5s +Dm

The expression for the diffusive flux of radionuclide species i from the invert cell to the UZ
fracture cell can be expressed as a diffusive conductance multiplied by a concentration difference
of radionuclide species i between the invert cell and the UZ fracture cell plus a corrective flux
between the UZ fracture and matrix cells. Similarly, the expression for the diffusive flux from
the invert to the UZ matrix cell is expressed as a diffusive flux between the invert and the UZ
matrix cell minus the same corrective flux between the UZ cells. The corrective flux term
accounts for coupling among the invert cell and UZ fracture and matrix cells, as the following
explains. The flux to both UZ cells should depend on the diffusive properties in the invert cell
and the two UZ cells, together with the concentrations in these three cells. Therefore, the flux to
the UZ fracture cell cannot be expressed only in terms of the concentration drawdown between
the invert cell and the UZ fracture cell. The corrective term includes the dependence of the UZ
fracture flux on the concentration of radionuclide species i in the UZ matrix cell due to the
requirement that the sum of the two UZ continua receive exactly the flux leaving the invert. The
corrective flux term is not a true flux expression between the two UZ cells, since the diffusive
conductance coefficient is dependent on the diffusive area between the invert and the UZ, and
the diffusive lengths are the lengths with respect to flow from the invert cell to the UZ cells. The
model also explicitly includes diffusion between the UZ fracture and matrix continua, as shown
in Figure 6.5-4.
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The UZ fluxes result in defining three diffusive conductances from the flux expressions:

15,
b5, (C,, - CJ,)

=

DfD1

+15 +Dm

m,.
D, Df +b

(CI,-Cif

(Eq. 6.5.3.5-18)

(Cii - CJ,),

(Eq. 6.5.3.5-19)

151 +5-f +f(CimC),

(Eq. 6.5.3.5-20)

where
Dbf

= effective diffusive conductance between invert cell and UZ fracture cell
(cm 3 s-1);

/An,

= effective diffusive conductance between invert cell and UZ matrix cell
(cm

15Df

3

s-1);

= effective diffusive conductance between UZ fracture and matrix cells
(cm 3 s-I).

In order to accommodate the GoldSim representation of diffusive conductance as a two-term
expression, the diffusive conductances of radionuclide species i are written as:

1

D11

(.SD )

.SDA), (F1.,)f

(

(Eq. 6.5.3.5-21)

,

(OSýD)]
1+

'5.

- hI

F1ý.

o,,

- +- L,
(S,,DA).

'

L

.

(Fn

6iiS-22~
..L...

((s,,(D)f + (!S,,D),.
D,,¢ =

1

'5

(• oSA•
(s

L,(OSi)D
I[L, (AS,ý,D)m + Lm.(
1

+

(Eq. 6.5.3.5-23)

1A)
(:
,,,), _

Although the above approach is rigorous, it is complex and difficult to implement in the
TSPA-LA model. A second approach that is easier to understand and simpler to implement,
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while providing the same results as the above approach, is presented here and is implemented in
TSPA-LA. This approach requires introduction of an interface cell, located between the invert
cell and the UZ cells. This interface cell provides an approximate interface concentration and the
resulting flux split at the invert-to-UZ cell interface. The interface cell is conceptualized as a
very thin slice of the invert cell. This implies the interface cell takes on the invert diffusive
properties, with the exception of diffusive length. Let the diffusive length within the interface
cell be some small fraction (a scale factor) of the invert diffusive length, say,
InterfaceScaleFactor = 10-6:
Lt_•,,, ='10-6 Ll *

(Eq. 6.5.3.5-24)

As in Equation 6.5.3.5-7, the diffusive conductance between the invert cell and the invert
interface cell is calculated as the harmonic average:
I
Ll

- +

(OS,,D,4),

LI-it

(Eq. 6.5.3.5-25)

(OS.DA),_,,,,

For diffusion between the interface cell and the UZ fracture and matrix cells, the diffusive
conductances of radionuclide species i are, respectively,

I

DI-intIf

LI-int

(Eq. 6.5.3.5-26)
+-

LUZ

+ (qWWDA)f
I

bDiinf/m

(€,s.,DA),_

(Eq. 6.5.3.5-27)

+.,

The interface cell concentration of radionuclide species i is computed as part of the cell network
solution. Because the transport mass balance equations conserve mass, the mass flux leaving the
interface cell must equal the sum of the mass fluxes entering the two UZ cells. The solution
provides the flux continuity across the interface between the invert interface cell and UZ cells.
This formulation expects the flux exiting the invert cell (or entering the interface cell) is
approximately equal to the flux exiting the interface cell. This approximation is dependent on
the diffusive length within the interface cell. The error in this approximate solution approaches
zero as the diffusive length of the interface cell approaches zero.
6.5.3.6

EBS-UZ Boundary Condition Implementation in TSPA-LA

For TSPA-LA, a semi-infinite zero-concentration boundary condition is used for the EBS-UZ
interface. This is approximated by applying an effective zero-concentration boundary at
approximately three drift diameters below the invert-UZ boundary into the UZ. In an alternative
approach, a zero-concentration boundary condition can be used at the interface between the
invert and the UZ, which will result in an unrealistically high diffusive gradient through the
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invert. By moving the zero-concentration boundary some distance below the invert, a more
realistic diffusive gradient through the invert is achieved.
In the EBS-UZ interface model, the near-field UZ is modeled as a dual continuum of overlapping
UZ-matrix and UZ-fracture media. This approach is consistent with the dual-permeability
modeling approach used by the UZ transport model, as described in ParticleTrackingModel and
Abstraction of Transport Processes (BSC 2004 [DIRS 170041]). The matrix and fracture
continua are represented in the EBS RTAbstraction by a two-dimensional vertical array of cells
oriented parallel to a cross section of a drift and located immediately beneath a drift
(Figure 6.5-4). This array consists of three columns or vertical zones, with each zone containing
both a fracture cell and a matrix cell. The invert is in direct communication with the second or
center zone of UZ matrix/fracture cells. Each zone is four layers deep in the vertical direction.
Thus, the array consists of twelve pairs of matrix and fracture cells within the UZ. Laterally,
each zone is one drift diameter wide(5.5 m; BSC 2004 [DIRS 169503]), with the middle zone
centered beneath the drift, so that each layer of the array extends one drift diameter on either side
of the drift. In the longitudinal direction of a drift, the length of the array is equal to the length of
the waste package being modeled.
The thickness of the first (top) layer of cells is 10 percent greater than the average invert
thickness (0.597 m; see Equation 6.5.3.3-5), or 0.6567 m. The thickness of the second layer is
double that of the first layer, or 1.3134 m. The third and fourth layers are given an arbitrary
thickness of 5 m and 10 m, respectively. A "collector cell" is placed beneath the fourth layer and
is given a very large, numerically infinite, water volume (1010 M) to simulate an effective
zero-concentration boundary. This collector cell acts as a sink for all the mass flow from the
invert and UZ cells.
As depicted in Figure 6.5-4, each fracture cell interacts, via diffusive connection only, with the
matrix cell of the same zone. The fracture cell also interacts via diffusive connection vertically
with the fracture cell of underlying and overlying layers of the same zone. The matrix cell of
each zone interacts via diffusive connection laterally with the matrix cells of adjacent zones and
vertically with the matrix cell of underlying and overlying layers of the same zone.
Radionuclides diffuse based on the concentration gradient between cells. Advection occurs
downward only, from the fracture cell of one layer to the fracture cell of the underlying layer in
the same zone, and from the matrix cell of one layer to the matrix cell of the underlying layer in
the same zone; advection does not occur across zones. Each zone is spatially distinct. Each is
one drift diameter in width. The only connection possible between left and right adjacent zones
is by diffusion through the middle zone.
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The mass flux from the invert flows into the top layer of the middle zone in the UZ. The portion
of the advective flux from the invert that is attributable to the total dripping flux (F1 ) flows into
the UZ fractures. The imbibition flux into the invert (F7 ) flows out of the invert into the UZ
matrix. The diffusive flux from the invert can go into both UZ continua based on the
concentration gradient and effective diffusion coefficient. The advective flux flowing through
the UZ fracture cells in the middle zone is given by the greater of the advective flux out of the
invert (F1 ) and the steady state UZ fracture flux. Because of the application of a flow focusing
factor in the calculation of the total dripping flux (F1), the flux going into UZ fractures in the
EBS-UZ interface model can be greater than the steady state UZ fracture flux. The advective
flux in the two outer zones is given by the steady state UZ flow in each continuum at the
repository horizon; the drift shadow effects are ignored in the transport calculation.
For the advective mass transport calculation shown in Equation 6.5.3.5-3, volumetric discharges
for the fracture and matrix continua are needed. Since fracture and matrix percolation fluxes
(described in Section 6.5.2 and provided by DTN: LB0307FMRADTRN.001 [DIRS 165451])
are given as specific discharge, the volumetric flux is calculated by multiplying the percolation
flux for each continuum by the projected bulk area normal to the flux, where the projected area
Auz is calculated as:
Auz -dDLI,

(Eq. 6.5.3.6-1)

where dD is the drift diameter (in) and LIIT is the length of a waste package (in). This area is
used for the diffusive and advective flux calculations between UZ cells. For the calculation
between the invert and UZ, the area Allz given by Equation 6.5.3.3-4 (A,,uz = wvLp) is used.
The void volume for each continuum is computed by multiplying the bulk volume for each
discretized zone in each layer (based on the geometry) by either the fracture porosity (fracture
fraction) or matrix porosity. Similarly, the water volume is calculated by multiplying the void
volume of each continuum by its respective saturation.
For diffusive mass transport, in the calculation shown in Equation 6.5.3.5-5, the effective
diffusion coefficient for the matrix continuum is calculated based on Equation 2.5 in Reimus
et al. (2002 [DIRS 163008], p. 2.25). This correlation (shown in Table 4.1-9) establishes a
quantitative relationship between the porosity and permeability of a saturated rock matrix to the
effective diffusion coefficient. This correlation may be extended for unsaturated conditions by
using the water content as an equivalent parameter for porosity under saturated conditions and
the unsaturated effective permeability for the saturated permeability (BSC 2004 [DIRS 170040],
Equation 6-52). This extension to unsaturated conditions is appropriate because, for unsaturated
flow, the character of the gas phase is not significant other than the space that it occupies. The
gas phase could be replaced by solid (rock mineral) which would result in exact equivalence
between the unsaturated water content and porosity and effective unsaturated permeability and
permeability. The correlation is then:
logl 0 D,,, = -3.49 + 0.01380,,, + 0.165 logj0 k,,,,
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where Dms is the effective UZ matrix diffusion coefficient (cm 2 s-1), 0,, is the matrix water
content (percent), and kme is the matrix effective permeability (m2) (BSC 2004 [DIRS 170040],
Equation 6-57):
kme = k,. km.

(Eq. 6.5.3.6-3)

where krm is the relative permeability of unsaturated zone tuff matrix (dimensionless), which is a
sampled parameter (Table 6.5-6), andkm is the intrinsic permeability of unsaturated zone tuff
matrix (m2) from Table 4.1-8. The value obtained for the effective UZ matrix diffusion
coefficient is applied to the fracture diffusion coefficient as recommended by the Drift-Scale
Radionuclide Transport (BSC 2004 [DIRS 170040], Section 6.4.5, p. 6-42). The sampling of the
input parameters is described in Section 6.5.2.
The diffusive area between the fracture and matrix continua is computed by multiplying the bulk
volume by the fracture interface area, which provides the connection area per unit bulk volume.
This diffusive area is further reduced by the fracture-matrix interface reduction factor, given as
SeJ where Sf is the effective fracture saturation, and r is the active fracture parameter
(BSC 2004 [DIRS 169861]). The effective fracture saturation (Sq,) is computed as:
S~f -S
,f

Sef

(Eq. 6.5.3.6-4)

where Sn,, is the fracture water saturation, and S,,r is the fracture residual saturation.
The mass flux of radionuclides from the invert domain to the dual continuum UZ, computed at
the boundary of the EBS-UZ interface (between the invert cell and the adjacent UZ matrix and
fracture cells), is passed to the UZ transport model for TSPA-LA calculations as described in
Particle Tracking Model and Abstraction of Transport Processes (BSC 2004 [DIRS 170041]).
In addition to the total mass flux, the relative fraction of the mass going into each of the fracture
and the matrix cells at the EBS-UZ boundary is required by the UZ transport model. This
fracture-matrix partitioning of mass is calculated on the basis of the mass fraction going into the
fracture continuum (compared to the matrix continuum) from the invert domain in the EBS-UZ
interface model. This partitioning is time dependent and captures the temporal processes active
in the EBS, such as varying radionuclide concentrations in the waste form, corrosion products,
and invert domains, and the changing water flux through various subcomponents of the EBS.
Furthermore, this partitioning is computed by solving the mass transport equations for the EBS
and part of the UZ as a coupled system with appropriate boundary conditions and adopting a
modeling approach using the dual continuum invert model saturation results presented in
Multiscale Thernmohydrologic Model (BSC 2005 [DIRS 173944]), and the dual continuum
transport model for the UZ (BSC 2004 [DIRS 170041]).
Sorption of radionuclides to the UZ matrix continuum is modeled by applying the devitrified tuff
Kd values from the UZ submodel. For sorption calculations, the mass of UZ matrix continuum is
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calculated as: Vbpb(l -Of), where Vb is the bulk volume of the matrix cell considered

(m3), of

3).
is the fracture porosity (fraction), and Pb, is the dry bulk density of TSw35 matrix (kg mn-

All three types of colloids are transported from the invert to the UZ cells. Groundwater colloids
are present in all four layers. The iron oxyhydroxide and waste form colloids with reversibly
sorbed radionuclides are modeled to be present in only the first two layers of the middle column,
making the groundwater colloid the only type of colloid available for far-field transport,
consistent with colloid-facilitated transport modeled in the UZ as described in ParticleTracking
Model andAbstractionof Transport Processes(BSC 2004 [DIRS 170041]).
6.6
6.6.1

MODEL FORMULATION FOR ALTERNATIVE CONCEPTUAL MODELS
Bathtub Flow Model

The conceptual model for the TSPA-LA is based on the presence of continuous flow paths
through the patches and stress corrosion cracks that penetrate the waste package. More
specifically, the TSPA-LA model conceptualizes that vertical flow of seepage into the waste
package, through the waste form and out of the waste package is not impeded by the location of
patches and stress corrosion cracks on the surface of the waste package. There is no long-term
build-up and retention of liquid within the waste package for flow and transport. There is also no
resistance to the flow through the waste form. The TSPA-LA approach attempts to maximize the
immediate release and mobilization of radionuclides into the local groundwater environment.
This approach is referred to as the "flow through" geometry.
An alternative conceptual model to the "flow through" geometry is the "bathtub" geometry
(Mohanty et al. 1996 [DIRS 130419]). The bathtub geometry allows seepage to collect within
the waste package before being released to the EBS. In theory, a bathtub geometry could result
in the sudden release of a large pulse of radionuclides when a package overflows with liquid or
when a second patch appears abruptly beneath the water line.
The "bathtub" effect would be most important during the period when only a few patches or
cracks have penetrated the drip shield and waste package. In this situation, there may be
penetrations through the top of the waste package while the bottom surface remains intact,
leading to retention of liquid. At later times, the presence of multiple penetrations makes a
"flow-through" geometry the more likely configuration.
The response of the bathtub geometry is evaluated for a primary case and for three secondary
cases. The primary case includes consideration of two limiting conditions on radionuclide
releases: dissolution rate limited and solubility limited. Tc is typical of dissolution rate limited
radionuclides. The Tc released due to waste dissolution can always be dissolved in the available
water because the solubility limit of Tc is high (BSC 2005 [DIRS 174566], Section 6.14). Np is
typical of the solubility limited type of radionuclide, where the release of Np from dissolution is
limited by its low solubility (BSC 2005 [DIRS 174566], Section 6.6).
The results for the primary case are based on a closed form analytic solution with constant values
of inflow rate, dissolution rate, and solubility. The three secondary cases consider a step change
in inflow rate, such as would occur from a climatic change, a step change in water chemistry, or
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a step change in flow geometry, as would occur if a patch suddenly appeared beneath the
waterline. The basic geometry and flow pattern for the primary bathtub model is shown in
Figure 6.6-1 (from Mohanty et al. 1996 [DIRS 130419], Figure 2-7); q,, is identical to F 4 and in
Section 6.3.1.1.
qin= F4

Liquid Overflow Level

..-.

.

.. .. ................
•
...
..

........

Figure 6.6-1. Schematic of the Bathtub Geometry for the Waste Package

6.6.1.1

Primary Case

6.6.1.1.1

Dissolution-Rate-Limited Radionuclide

In this case, the concentration of radionuclides is limited by the rate of dissolution. Consider the
system shown in Figure 6.6-1, with a constant inflow rate, qj,, and let V,,b be the total volume of
liquid that can be retained within the waste package before it overflows. The response of the
waste package is a two step process. During Step 1, the package is filling with liquid and the
outflow rate, q,,,, is zero. This condition continues until the waste package fills with liquid at a
time, tfi,,, given by V,,b / qi,. Step 2 occurs after time tf,,; the amount of liquid inside the waste
package remains constant, and q0o, = qi,,. This is a steady state condition, consistent with the
assumption that q,, is constant and that liquid does not continue to accumulate within the
package. The following analysis also supposes there is complete contact between the liquid and
the waste form within the waste package, and that the dissolution rate is constant.
During Step 1, for time t such that 0 < t < tfil,

the dissolution of a radioisotope into the water

inside the waste package can be represented as:
rth = ro,,

(Eq. 6.6.1.1.1-1)

where
ihi = the rate of release of radionuclide into the liquid (kg s-l)
r, = the dissolution rate of the waste form (kg s-)
coi = the mass fraction of radioisotope i released per unit mass of waste form
(dimensionless); co, is less than one for a waste form with multiple radionuclides.
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During the fill period qo,,, is zero, so the mass, mj(t), of radioisotope dissolved within the liquid
in the waste package at time I is given by:
rn1 (Q) = r, O, 1,

(Eq. 6.6.1.1.1-2)

because r, and ca, are constant. Similarly, the volume of liquid in the waste package at time t,
V(t), is given by:
V(I) = q•.t,

(Eq. 6.6.1.1.1-3)

so the concentration of dissolved isotope i in the waste package, Cj(t), is
r, o,
C,(t)- ,n,Qi)
V Qt) = r-2,±
q i,.t =- q i,.

(Eq. 6.6.1.1.1-4)

The concentration, CQ), is constant during the fill phase because the values of r,, CO,, and q,,
are chosen to be constant. This condition is appropriate because the dissolved mass, mn,, and the
volume of liquid, V, are linear functions of the time (and initially both are zero), so their ratio
remains constant.
The result in Equation 6.6.1.1.1-4 holds for each dissolution-rate-limited radioisotope i in the
waste form, although the numerical value of C,(t) differs because the mass fraction, CO,, is
different for each isotope.
During Step 2, when t > tf, the radioisotope mass within the waste package is a balance
between the dissolution of radioisotope into the groundwater within the waste package and the
loss of radioisotope due to outflow from the waste package:
in, = r, w, - q0 1,C, (1).

(Eq. 6.6.1.1.1-5)

Because the water inflow rate, waste form solubility, and mass fraction of radioisotope i all
remain constant, the concentration C, Q) remains constant even when the solution is removed at
a rate qo,,,. Therefore, at t > It,, the net rate of radionuclide release into the water inside the
waste package is zero (i.e., the dissolution rate is exactly offset by the outflow rate):

For constant q•,, with q..,
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ih, = rc~o, - q0 ,,,C,(Q) = 0.-

(Eq. 6.6.1.1.1-6)

CO,
Wt - r,qi,,

(Eq. 6.6.1.1.1-7)

qj.,
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The dissolved mass in the waste package is constant for t > tfu. In addition, the concentration of
dissolved radionuclide is constant for all time I > 0 (until all of the waste form is dissolved), as
shown by Equations 6.6.1.1.1-4 and 6.6.1.1.1-7. These results are reasonable because the waste
package is in steady state for t > tf,,,. This means that the inflow rate equals the outflow rate and
that any loss of dissolved radionuclide mass in the outflow from the waste package is exactly
balanced by the addition of dissolved radionuclide mass from dissolution of the waste form.
The response for the comparable flow-through model has the same radionuclide concentration,
Ci(t), and the same release flux, given by CiQ)qo,,, as the bathtub geometry. The sole
difference between the flow-through and bathtub models is that the flux from the flow-through
model starts from t = 0 while the flux from the bathtub model is zero until time t1.* The
bathtub model introduces a delay in the response but does not change the concentration in the
package or the mass flux out of the package.
Therefore, for the dissolution-rate-limited case, the flow-through model is bounding relative to
the bathtub model for radionuclide releases from the waste package. The bathtub analysis
considers advective transport with no sorption of radionuclides, whereas the current EBS
transport model includes sorption onto stationary corrosion products (retardation in the waste
package) as well as colloid-facilitated transport. In this bathtub analysis of alternative
conceptual models, sorption onto stationary corrosion products inside the waste package would
effectively reduce the dissolution rate. Since that rate is still constant and the same for both the
flow-through and bathtub models, sorption would affect the concentrations of radionuclides in
the outflow, but would have no impact on the conclusion that the bathtub model introduces a
delay in releases compared to the flow-through model. Sorption onto colloids would have the
opposite net effect of increasing the effective solubility and again would have no impact on the
conclusions regarding release delay.
6.6.1.1.2

Solubility-Limited Radionuclide

The response for a solubility-limited radionuclide, in which the solubility limit of the
radionuclide is instantaneous achieved, is similar to that for a dissolution-rate-limited
radionuclide, in the sense that the bathtub model delays the release from the waste package but
does not change the dose rate.
During Step 1, 0 < t < tfulh, the amount of radionuclide dissolved in the groundwater in the waste
package can be represented as:
thi = Csiqi,

(Eq. 6.6.1.1.2-1)

where C,, is the solubility limit of the radionuclide. If the groundwater chemistry is constant,
the solubility is constant and the mass, mi, of radioisotope retained in the waste package at
time I is:
Mj Q) = C, qit.
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The volume of liquid in the waste package at time t, V(t), is given by:

(Eq. 6.6.1.1.2-3)

V(t) = qt,

so that the concentration of dissolved isotope in the waste package is:
Ci (1)

V(1)

= Cq~t
,(t) = Ct .
-

(Eq. 6.6.1.1.2-4)

qqi, t

The concentration is constant during the fill phase and equal to the solubility limit, as would be
expected. This is true for each radionuclide in the system, although the numerical values of the
solubility limit vary.
For t > tIfl, the mass balance within the waste package is a steady state condition given by:
rh, = Ciq, - Cj (t)qo, = Cqi,,

,(t)q 0o, =

-

(Eq. 6.6.1.1.2-5)

qb •=

The solution to Equation 6.6.1.1.2-5 with qo,,, = q,, is:
/iW=

CSJK 1J.b

(Eq. 6.6.1.1.2-6)

with
Ci W = Cr.'

(Eq. 6.6.1.1.2-7)

Again the dissolved mass in the waste package is constant for t > tf,,i (until all of the waste form
is dissolved) and the concentration of dissolved radionuclide is constant at the solubility limit for
all times t > 0.
The comparable flow-through model has the same radionuclide concentration, C, and the same
release flux, given by C5,qo,,, as the bathtub geometry. The sole difference is that the flux from
the flow-through model starts from t = 0 while the flux from the bathtub model is zero until time
tf. The bathtub model introduces a delay in the response but does not change the dose rate.
Therefore, the flow-through model is again bounding relative to the bathtub model because
radionuclides are released with no delay time to the EBS.
6.6.1.2

Secondary Cases

The secondary cases evaluate the response of the bathtub model when changes occur in the
groundwater inflow rate, in inflow chemistry, or in the flow geometry.
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6.6.1.2.1

Change in Inflow Rate

The response of a bathtub model to a change in inflow rate differs for a solubility-limited or a
dissolution-rate-limited radionuclide. The solubility-limited case is simpler because of chemical
equilibrium and is discussed first.
Consider a step change in inflow rate after the bathtub has filled for a sohlbility-limited
radionuclide. Since kinetic effects are ignored, the chemical system is always at equilibrium and
the concentration within the waste package remains unchanged at the solubility limit. The only
change in the system is that the radionuclide mass flux out of the waste package changes
instantaneously from Ciqo,, to Ciqo1 ,0 ,,. This response is exactly the same as it would be for the
flow-through model, so the response of the bathtub model is identical to that for the flow-through
model.
Now consider a step change in inflow rate after the bathtub has filled for a
dissohltion-rate-limitedradionuclide. In this case, the mass released per unit time remains
constant because the dissolution rate remains constant, but the radionuclide concentration comes
to a new equilibrium value.
This new equilibrium value can be determined by
Equation 6.6.1.1.1-7, with the product of concentration and liquid inflow remaining constant:
= r~o, .

Ci.,
1 ,q,,,• = C,

(Eq. 6.6.1.2.1-1)

If the inflow rate decreases, the final concentration increases because the product of
concentration and liquid inflow remains constant. A flow-through model has an instantaneous
increase in concentration, whereas the bathtub model shows an exponential growth to the new
concentration. Thus, the flow-through model is bounding for concentration released into the
EBS because there is no delay in changing to the new increased radionuclide concentration.
The exponential growth to the new concentration can be seen as follows. The replacement of
"old" inflow with concentration Ci.oId with "new" inflow with concentration Ce is represented
through a parameter, ,Athe volume fraction of old inflow to V,ub, the total liquid volume in the
bathtub. The rate of change of the volume of old inflow, Void, is given by:

dV0Id =

i qo,,

-f qinnei.*

(Eq. 6.6.1.2.1-2)

dt
Equation 6.6.1.2.1-2 represents the loss of old inflow through outflow, with the factor ,8
representing the (decreasing) volume fraction of old inflow that is lost. By definition,
-dKid
o6

(Eq. 6.6.1.2.1-3)

Vt1b
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Substituting this definition into the left-hand side of Equation 6.6.1.2.1-2 gives:
d)6 -

q

cit

V1ub

f."

The solution to Equation 6.6.1.2.1-4 with initial condition
fl = exp

(Eq. 6.6.1.2.1-4)

=1Ilat t = 0 is:

V,-! t

(Eq. 6.6.1.2.1-5)

which corresponds to an exponential decay of C, from C101, d to C1.,,,.
If the inflow rate were to increase, the concentration would decrease. In a flow-through model,
the concentration would instantaneously decrease, whereas in the bathtub model, the
concentration would exponentially relax to the new concentration. The flow-through model is
then not bounding for concentration released into the EBS. The mass of radionuclide mobilized
is identical, as implied by Equation 6.6.1.2.1-1, but the dissolved concentration varies with the
amount of fluid flowing through the system. However, the TSPA-LA model passes mass to the
unsaturated zone, rather than concentration, so the difference between the flow through model
and the bathtub model for this case is not critical to performance.
Finally, a change in inflow rate during the initial period, when the bathtub is filling, only affects
the value of t,, and hence the delay until the bathtub fills, after which it behaves as described in
Section 6.6.1.1.
In summary, the response of the bathtub model to a change in inflow rate is identical to that of
the flow-through model for solubility-limited radionuclides.
For dissolution-rate-limited
radionuclides, the response of the bathtub model is less bounding than the flow-through model
when the inflow rate decreases (and concentration increases). If the inflow rate increases
(resulting in a decrease in the outflow concentration of radionuclides), the bathtub model is more
bounding than the flow-through model for dissolution-rate-limited radionuclides.
6.6.1.2.2

Change in Inflow Chemistry

Consider a step change in inflow chemistry after the bathtub has filled. Initially, there will be
minor changes in concentration within the bathtub because the bulk of the water retains the
original inflow composition. Eventually the "old" groundwater is flushed out and replaced with
the "new" inflow, resulting in new concentrations within the bathtub.
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As in the preceding section where a change in inflow rate was examined, the replacement of old
with new inflow can be represented through a parameter AJ, representing the volume fraction of
old inflow in V,•b, the total liquid volume in the bathtub. The rates of change of the volumes of
old and new inflow are given by:
dVO,,d= _/6 qýf

(Eq. 6.6.1.2.2-1)

dt
and

(Eq. 6.6.1.2.2-2)

dt

where V0Id and Vn,, represent the volumes of inflow with the old and new chemistries,
respectively. Equation 6.6.1.2.2-1 represents the loss of old inflow through outflow, with the
factor fl representing the volume fraction of old inflow that is lost. Equation 6.6.1.2.2-2
represents the addition of new inflow and its partial loss through outflow. Remembering that
q,., = q,0 because of the steady state assumption, it follows that:
dV0Id
dt

-

f

dV"
dt

(Eq. 6.6.1.2.2-3)

By definition:
6-

Vold

V,

(Eq. 6.6.1.2.2-4)

b

Substituting this definition into the left-hand equation in 6.6.1.2.2-3, it follows that:
d3 =_ q,

di

=

tub

fill

t t

(Eq. 6.6.1.2.2-5)

The solution to Equation 6.6.1.2.2-5 with the initial condition ,6(0) = I is given by:

fi (t = e

f

(Eq. 6.6.1.2.2-6)

It follows that the old and new volumes of inflow are given by:
d =:
V11

tb

(Eq. 6.6.1.2.2-7)

K)
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and:

= Vtb
new11

(Eq. 6.6.1.2.2-8)

I-e1J

These equations say that the volume fraction of inflow with the old chemistry decays
exponentially with the characteristic time tl 11 . Alternatively, the volume fraction of new inflow
increases to 1.0 with a characteristic time of tfiz for the exponential growth given by
Equation 6.6.1.2.2-8.
The impact of changing inflow chemistry on dissolution rate or solubility is much more difficult
to predict analytically because chemical interactions are nonlinear. More specifically, the pH of
mixtures of inflows is not proportional to 8J because the pH scale is proportional to the log of
the hydrogen ion concentration and inherently nonlinear and because potential chemical
interactions in mixtures, such as buffering, produce a nonlinear response. In addition, solubility
and dissolution rate are often complex nonlinear functions of the pH.
Nonlinear response makes it particularly difficult to predict the time-dependent response for
solubility; however, because the starting state and the ending state, for t >> It I are well defined,
the evolution can be approximated to first order by:

(Eq. 6.6.1.2.2-9)

C5~(tW4- CSI, oldeif') + Csixeiv{I - (f'}

Consider the response when Csi,, >> Cs»od. This condition can easily occur for the actinides,
where solubility increases by several orders of magnitude as pH changes from between 7 and 8
to a value below 6 or above 10. In the limit of large Csi5 .,,, Equation 6.6.1.2.2-9 becomes:

(

>>

(Eq. 6.6.1.2.2-10)

):

In effect the initial solubility is negligible compared to Csne,
increases to Cs,,,,•, from below. Alternatively, if Csi,,,d

(

<< C.,i,,):

Cs,(t)& CC,,ldee4 "

+ Cs,.i,

and solubility at late times

ICo~d,

(Eq. 6.6.1.2.2-11)

Here the solubility decays towards a much smaller value in the new inflow mixture.
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While the details of the time-dependent behavior are only approximated, the starting and ending
states must be accurate and Equations 6.6.1.2.2-10 and 6.6.1.2.2-11 provide a simplified
transition from one chemical regime to another. The dissolution rate could replace solubility in
Equations 6.6.1.2.2-9 through 6.6.1.2.2-11, and the same general conclusions would hold.
In summary, the response of the bathtub model to a change in inflow chemistry is slower than
that of a flow-through model, where the solubility or dissolution rate changes abruptly with a
step change in inflow chemistry. The bathtub dampens or delays the response to a change in
inflow chemistry over a time scale on the order of t.i, to 7 tf,11 . The upper estimate of 7tf,
corresponds to an exponential factor of e 7 or 0.0009, at which point Equation 6.6.1.2.2-11 has
reached an asymptote of C
The analytic models cannot predict the precise time dependence
because of the nonlinear effects of mixing on pH and of pH on solubility and dissolution rate.
The flow-through model overestimates radionuclide releases compared to the bathtub model
when solubility increases because the bathtub geometry delays the increase in radionuclide
concentrations and mass fluxes from the waste package to the EBS. The case of increasing
solubility or increasing dissolution rate is important because it will increase the peak dose rate.
The fact that the flow-through model is not bounding when solubility or dissolution rate
decreases is therefore of less importance for performance assessment and is of secondary
importance in selecting the conceptual model for flow through the waste package.
6.6.1.2.3

Change in Patch Geometry

The geometry for the bathtub model allows seepage to collect within the waste package before
being released to the EBS. In the primary model (Figure 6.6-1), the patch is positioned such that
release is governed by the condition qo,, = qi, after the package fills with liquid.
As an alternative to the primary patch model, consider a waste package that does not have an
existing (outflow) patch on the side of the package, but instead has a second patch open abruptly
beneath the water line. While the radionuclide concentration within the waste package is
unchanged by the alternative location, failure results in the sudden release of a larger pulse of
radionuclide mass at the time the second patch opens. Mathematically, the flux of radionuclides
leaving the waste package in the primary model, Fpr, is given by:
= Ci !,

Fp,. = C-qo, =

(Eq. 6.6.1.2.3-1)

fill

I outt
pr

and the flux of radionuclides leaving the waste package in the alternative model, F,,t,, is given
by:
V,,
F.i, = C, -V-,

At

(Eq. 6.6.1.2.3-2)

where At is the time to empty the retained liquid through the second patch. In theory, it is
possible that At << t,,, so that Fe,, >> Fpri.
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Equations 6.6.1.2.3-1 and 6.6.1.2.3-2 have the same value for radionuclide concentration, Ci, in
the retained liquid because the chemistry of the groundwater is independent of patch location.
Implicit in Equations 6.6.1.2.3-1 and 6.6.1.2.3-2 is that the second patch in the alternative
conceptual model occurs after the volume of liquid in the waste package in the primary model
has reached steady state.
The flow-through model produces an average release continuously, while the bathtub model with
the alternative flow path produces zero release initially, followed by a high pulse that soon
returns to the same flux as the flow-through model. In other words, the flow-through model
represents a time average of the response of the bathtub model. From this viewpoint, the
potential difference between F,, and Fpri is partly mitigated by the sorption and diffusion
processes in the unsaturated and saturated zones. The potential difference between F, and Fprj
is also small if the second patch appears shortly after the first penetration because there is less
retained liquid.
This alternative can also be thought of as being equivalent to the appearance of additional
penetrations in the waste package. This analogy is appropriate because additional penetrations in
the waste package increase the inflow flux into the waste form, resulting in higher releases to the
EBS. The main effect of the alternative patch geometry model is to generate the increase earlier.
This is not considered a major difference because there is a wide range of variability in corrosion
rates for the TSPA-LA model (BSC 2004 [DIRS 169996]). The effect of the alternative patch
geometry model can then be reasonably considered to be captured within this variability.
The results and observations in this section (6.6.1.2.3) and throughout Section 6.6.1 are
appropriate for the general boundary conditions considered here. In other words, this
comparison is based on the full fluid flux into the waste package having access to all
radioisotopes in the waste. The model implemented in TSPA-LA, in which radionuclides are
mobilized in a mass of corrosion products around the fuel pellets, partly mitigates the differences
discussed here. This mitigation occurs because a large fluid flux will not transport radionuclides
at the solubility limit if the mass in solution is limited by the pore volume in a mass of corrosion
products. The situation is then similar to that mentioned at the end of Section 6.6.1.2.1, where
mass transfer to the unsaturated zone is the dominant issue, rather than dissolved concentration.
6.6.1.3

Summary

The response of the bathtub geometry has been evaluated for a primary case, with constant
boundary conditions and material properties, and for three secondary cases. Analyses for the
three secondary cases consider a step change in inflow rate, a step change in inflow chemistry,
and a change in flow geometry as would occur if a patch suddenly appeared beneath the
waterline. All cases include consideration of two types of radionuclide release mechanisms:
dissolution-rate-limited and solubility-limited. The comparisons are based on closed form
analytic solutions.
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The key conclusions from the evaluation follow:
" The bathtub model introduces a time delay in the release of radionuclides from the waste
package to the EBS in comparison to the flow-through model for the primary case. The
base case flow-through model overestimates releases of radionuclides in relation to the
bathtub geometry for the primary case because there is no delay in release of
radionuclides to the EBS.
" The response of the bathtub model to a step change in inflow rate (secondary case 1) is
identical to the flow-through model for solubility-limited radionuclides. The response of
the bathtub model for dissolution-rate-limited radionuclides is to delay the change in
concentration and mass flux associated with the new inflow rate. The base case
flow-through model overestimates releases of radionuclides with respect to the bathtub
geometry for the case of decreasing inflow, when the concentration of radionuclide
increases. The case of increasing radionuclide concentration is of primary interest from
a performance or regulatory viewpoint since this case will result in greater releases.
" The response of the bathtub model to a step change in inflow chemistry (secondary
case 2) is to delay the change in concentration and mass flux associated with the new
inflow chemistry. Analytical models cannot define the exact time delay, which is
sensitive to nonlinear chemical effects when inflows mix. Limiting cases, when
solubility increases or decreases by several orders of magnitude, have been examined to
define a first order approximation to the response of the chemical system.
The base case flow-through model overestimates releases of radionuclides relative to the
bathtub geometry when solubility or dissolution rate increase with changing inflow
chemistry. The flow-through model has an instantaneous change to the higher
equilibrium value while the bathtub geometry delays the change as the initial inflow is
flushed out of the waste package. Increases in radionuclide concentrations and fluxes
are of primary interest from a. performance or regulatory viewpoint, so the
underestimation of releases of radionuclides in the flow-through model for decreasing
solubility or dissolution rate can reasonably be excluded from the TSPA-LA.
" The response of the bathtub model when a second patch opens instantaneously beneath
the water level in the waste package (secondary case 3) has also been analyzed. The
impact of the instantaneous opening is to release a pulse of radionuclides in comparison
to the base case flow-through model. The impact of this alternative conceptual model is
mitigated by the time delays introduced through sorption and diffusion in the
unsaturated and saturated zones. In addition, the higher mass flux from the alternative
flow path is similar to the impact from additional patches opening in the waste package.
There is a wide range of variability in corrosion rates for the TSPA-LA model, and the
impact from the instantaneous opening is encompassed in the uncertainty in corrosion
rates. The impact of this alternative flow model has therefore been screened out of
TSPA-LA analyses because of the potential mitigation from sorption and diffusion and
because the variability of corrosion rates provides large uncertainty in radionuclide
release rates from the waste package.
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6.6.2

Limited Water Vapor Diffusion Rate into Waste Package

In this alternative conceptual model, a film of adsorbed water cannot form on the surface of
corrosion products if the rate of water consumption by corrosion reactions is greater than the rate
of diffusion of water vapor into the waste package. Until a film of water forms on internal
corrosion products surfaces, diffusive releases of radionuclides through the adsorbed water
cannot occur (according to the in-package diffusion submodel). Thus, the resistance to diffusion
of water vapor through stress corrosion cracks delays releases until all of the corrodible materials
inside a waste package are fully degraded. It is implicit in this alternative conceptual model that
stress corrosion cracks appear before general corrosion patches form; this will not necessarily be
the outcome of TSPA-LA calculations.
The objective is to determine the length of time required to complete the corrosion of internal
component steels, which is equivalent to the delay from the time a waste package is first
breached by stress corrosion cracks until diffusive releases can first take place. This delay can
potentially be important since it provides additional time for decay to reduce the concentration of
radionuclides before they are released from a waste package. The rate of diffusion of water
vapor through stress corrosion cracks into the waste package is estimated and compared with the
rate of consumption of water by corrosion of steel internal components to show that diffusion
rates are less than corrosion rates. Then, at the rate limited by diffusion, the time needed to
corrode the steels completely is calculated to give the delay before diffusive releases of
radionuclides can occur.
An example calculation is presented for a typical set of conditions in the drift and waste package
to estimate the time lag between appearance of stress corrosion cracks and the earliest times
when an adsorbed water film can first form through which radionuclides can diffuse. Suppose
that the temperature of the waste package and drift air is 50'C, the relative humidity in the drift
is 95 percent, and the relative humidity is zero inside the waste package. Letting the humidity be
zero inside the waste package maximizes the water vapor concentration gradient between the
exterior and interior of the waste package. The diffusion distance is Ax = 2.54 cm, the thickness
of the waste package outer lid (BSC 2004 [DIRS 169472]; BSC 2004 [DIRS 167394], Detail A).
This is the outer closure lid, made of Alloy 22, with a circumferential weld in which stress
corrosion cracks may develop. The average diffusive distance is greater - half the length of the
waste package interior, or about 240 cm for a 21-PWR (Note i in Table 6.3-9) - but the cross
sectional area is less in the stress corrosion cracks than in the waste package, so diffusion
through the cracks is the limiting segment of the path.
To calculate the diffusion rate, the concentration of water vapor in humid air is obtained from
psychrometric data. Equations for the determination of psychrometric properties are given by
Singh et al. (2002 [DIRS 161624]). At relative humidity RH (fraction) and temperature T (°C),
the partial pressure of water pw, (Pa) is:
p,,, = RH. po,
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where p' (Pa) is the vapor pressure of water at T (°C), given by:

0

r610.78 expl-1"237.3+6T
"17.269T1

(0°C < T < 63.0*C)

161 0 .7 8 exp[17269T
236.3 +1.01585T

(63.0°C < T <1 10*C).

(Eq. 6.6.2-2)

The absolute humidity H, (kg water kg- dry air) is then:
H_

Hm
(~M).

P-~

(Eq. 6.6.2-3)

where p is the total pressure, chosen to be one atmosphere (101325 Pa), M", is the molecular
weight of water (0.01801528kgmol-'), and Ma is the molecular weight of air
(0.028964 kg mol-F) (Weast 1985 [DIRS 111561], p. F-150).
At 50'C and a relative humidity in the drift of 95 percent, the vapor pressure of water, from
Equation 6.6.2-2, is p , = 12,334 Pa, so the partial pressure at RH= 0.95 is pw, = 11,717 Pa.
Then the absolute humidity is 0.0815 kg water kg-' dry air.
The molal humidity is:
Hmo=• HmM'MM,,

P
=0.1308 mol H 2 0 mol"' dryair,
P-Pw

(Eq. 6.6.2-4)

or 0.1156 mol H 20 mol-I wet air. Assuming ideal gas behavior, with an ideal gas molar volume
of 22,414 cm 3 mol-1 (at 00 C and 1 atm pressure) (Weast 1985 [DIRS 111561], p. F-194), the
concentration of water vapor in air at 50'C and 95 percent relative humidity is:
0.1156 mol H0
(22414
t,

K)
l)(323.15
2-737.1 K

=4.361 x10 6'mol H 2 0 CM3 .

(Eq. 6.6.2-5)

To calculate the binary diffusion coefficient, the following equation is used (Bird et al. 1960
[DIRS 103524], Equation 16.3-1):

DAB

(FTTB(A
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where:
DAB

T
p
M
a
b

=
=
=
=
=
=

the diffusion coefficient (cm 2 s-1) for water (A) in air (B)
absolute temperature (K)
pressure (atm)
molecular weight (g mol-')
3.640 x 10-4 for H20 with a nonpolar gas
2.334 for H20 with a nonpolar gas

subscript c refers to critical properties.
For water (A), Tc = 374.1°C = 647.25 K, PcA = 218.3 atm (Weast 1985 [DIRS 111561],
p. F-64), and MA = 18.01528 g mol-1; for air (B), TcB = 132 K, PcB =36.4 atm (Bird et al. 1960
[DIRS 103524], Table B-I), and MB =28.964 g mol-F (Weast 1985 [DIRS 111561], p. F-I50).
Substituting these values into the above equation, the binary diffusion coefficient for water vapor
in air is:
DAB

3
= (3.640 x 104(647.25X132.).34 [(218.3X36.4) 1/

[(647.25X132.)]5/

18
+ 28.64
(18.015282894

(1.0)-`

(Eq. 6.6.2-7)

= 0.3126 cm 2 s-"
For diffusion of water vapor through stagnant air in the stress corrosion cracks, the rate of
diffusion is, from Fick's first law (Bird et al. 1960 [DIRS 103524], p. 503) for a binary system
with constant molar density:
q = DAB A.• aC.
ax
= DABAsc ACu, =DAB As

Ax

c2'

=/0 3 1 2 6c- )SCC
iA•
0.3

r4.361
"

Ax
x 10-6 mol
m33 .
2.54cm c.__

(Eq. 6.6.2-8)

=5.37x10- 7 molcm 2 s"• AC•,
where A., is the cross-sectional area (cm 2) of stress corrosion cracks through which water vapor
can diffuse. The typical cross-sectional area of a stress corrosion crack is 7.7 x 10-6 m2 per
stress corrosion crack (Section 6.3.3.1.2.1). Using the example of 25 stress corrosion cracks per
waste package (BSC 2004 [DIRS 169996], Figure 26), A = 1.93 x 10.4 m2 = 1.93 cm2, and the
rate of diffusion of water vapor is q = 1.04 x 10-6 mol S-I = 32.7 mol H20 yrq.
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When the waste package is first breached by stress corrosion cracks, water vapor that diffuses
through will probably be consumed by corrosion of the most reactive materials within a waste
package, namely the A 516 carbon steel that makes up the baskets. These steel components have
an average corrosion rate of 77.43 gim yr' (DTN: MO0409SPAACRWP.000 [DIRS 172059];
Spreadsheet "aqueous-A516.xls"; Worksheet "Freshwater", I-year data at 60'C) and a maximum
thickness of 3/8 in. (9.525 mm) (BSC 2004 [DIRS 169472], Table 1), for an average lifetime of
about 123 yr. From Table 6.3-4, the total Fe mass in A 516 steel in a 21-PWR waste package
is 5,510 kg, or 98,600 mol. The rate of iron consumption over the average lifetime of this steel is
about 802 mol Fe yr-.
Consider the following corrosion reaction stoichiometries, which result in hematite, goethite, and
ferrihydrite (written in a more-hydrated form that maximizes water consumption; Langmuir 1997
[DIRS 100051], Table 10.2, with n = 0), respectively. These are not necessarily the actual
reactions that will take place, but rather are potential net reactions that illustrate the range of
water consumed by corrosion.
Fe + 3/2 H 20 = 2 Fe 20 3 + 3/2 H 2
Fe + 2 H 20 = FeOOH + 3/2 H 2
Fe + 3 H20 = Fe(OH) 3 + 3/2 H2.
For these reactions, the stoichiometric ratio of water consumed to iron consumed ranges from 1.5
to 3 mol H20/mol Fe. Therefore, this analysis will only examine the reactions producing
hematite and ferrihydrite, which bound the range of water consumption by iron corrosion for the
reactions under consideration.
Using a stoichiometry of 3 mol H20/2 mol Fe, to form Fe 20 3, the water diffusion rate
(q = 32.7 mol H2 0 yr-) allows carbon steel to corrode at a rate of 21.8 mol Fe yr-'. For a
stoichiometry of 3 mol H20/mol Fe, to form Fe(OH) 3, the water diffusion rate allows carbon
steel to corrode at a rate of 10.9 mol Fe yr-. This iron consumption rate is a small fraction of the
average rate when water is unlimited, 802 mol Fe yr-, and indicates that limiting water vapor
diffusion through the stress corrosion cracks may delay formation of a diffusive pathway for
radionuclide diffusion through adsorbed water.
Water consumption rates when water availability is limited can be compared with the average
water consumption rate due to A 516 carbon steel corrosion when water is unlimited. To form
Fe 20 3 , corrosion of 802 mol Fe yr- consumes 1,200 mol H20 yr-, which is a factor
of 37 greater than the rate of diffusion of water vapor through stress corrosion cracks. For the
formation of Fe(OH) 3, water is consumed at a rate of 2,410 mol H20 yr'1, a factor of 74 greater
than the diffusion rate of water vapor through stress corrosion cracks.
If the stress corrosion cracks are filled with porous corrosion products, the cross sectional area
for diffusion is less, and the water vapor diffusion rate is proportionately less. For a porosity S,,
of the stress corrosion crack, the effective cross sectional area is Ascceff = 0,,,A.,,.
of 0.4, Asc.,eff = 0.4(1.93 cm2)
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the diffusion rate by an additional factor of 1/ , = 2.5, or a factor of 92 higher than the
diffusion rate for Fe 20 3 formation and a factor of 184 higher for Fe(OH) 3 formation.
Another way to show the effect of the corrosion rate being limited by the rate of diffusion of
water vapor is to calculate the time required to corrode all of the steel in a waste package. As
shown above, the lifetime of the carbon steel components is 123 years when not limited by the
availability of water. When the corrosion rate is limited by the water vapor diffusion rate, the
lifetime is greater than 123 years. The diffusion rate of 32.7 mol H2 0 yr 1 allows 21.8 mol
Fe yrCl to corrode to Fe 20 3, thereby requiring 98,600 mol Fe/(21.8 mol Fe yrl) = 4,530 yr for all
A 516 steel components to degrade fully once stress corrosion cracks first breach the waste
package. To degrade to Fe(OH) 3, where the stoichiometry is I mol Fe/3 mol H20, and the
diffusion limited corrosion rate is 10.9 mol Fe yr-, would require 9,060 years. Accounting for a
typical 40 percent porosity in the corrosion products increases these estimates to 11,300 years
and 22,600 years, respectively.
A further refinement of these estimates includes corrosion of the stainless steel components in
addition to the carbon steel. Suppose that all internal components corrode, and the composition
of the component materials is treated as in Section 6.3.4.2.1 and Table 6.3-4. Effectively 13,600
kg Fe = 244,000 mol Fe are to be corroded at a rate limited by water diffusion through stress
corrosion cracks. Then 11,200 yr are required to consume all of the material to Fe 20 3 , at the
water vapor diffusion-limited rate of 21.8 mol Fe yr-. To corrode the same amount of Fe to
Fe(OH) 3 at the water vapor diffusion-limited rate of 10.9 mol Fe yr-1 would require 22,400 yr.
At the mean stainless steel corrosion rate of 0.248 ýtm yr- (DTN: MO0409SPAACRWP.000
[DIRS 172059]; Spreadsheet "aqueous-316L.xls"; Worksheet "freshwater", 50-1000 C data),
the 50.8-mm-thick inner vessel (BSC 2004 [DIRS 169472]; BSC 2004 [DIRS 167394], Detail A)
has a lifetime of 205,000 yr. Assuming that all 6,690 kg Fe in the 316 stainless steel listed in
Table 6.3-4 is part of the inner vessel or lids, equivalent to 120,000 mol Fe, the mean molar
corrosion rate is 120,000 mol/205,000 yr = 0.58 mol yr-. A stoichiometrically equivalent rate of
water consumption due to stainless steel corrosion to Fe 20 3 is 0.88 mol H2 0 yr', which is a
factor of 37 less than the rate of diffusion of water vapor through open stress corrosion cracks
(32.7 mol H20 yrl). For formation of Fe(OH) 3, the equivalent rate of water consumption due to
stainless steel corrosion is 1.75 mol yr;-, a factor of 19 less than the rate of diffusion of water
vapor open stress corrosion cracks. In this case, water vapor diffusion through the stress
corrosion cracks does not control the rate of corrosion and water consumption. If the cracks are
filled with corrosion products to a porosity of 0.4, the rate of water vapor diffusion is less, as
discussed earlier, and may then control the rate of corrosion.
In Table 6.6-1, the time required to corrode all of the carbon steel or all of the stainless steel is
shown for various assumptions and conditions (temperature, relative humidity in the drift). If no
diffusive path can form until all of the steels are fully corroded, the time needed to corrode the
steel is effectively the time lag between the first appearance of stress corrosion cracks and the
first diffusive releases from the breached waste package. Depending on conditions and
assumptions, this delay can range from 1,570 yr (at 70'C) to more than 34,000 yr (at 30'C) even
at 100 percent relative humidity in the drift. At lower relative humidities, the delay can be
longer, for example, more than 103,000 yr at 30'C and 80 percent relative humidity. In this
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table, the water vapor concentration, C,,,, is obtained from Equations 6.6.2-4 and 6.6.2-5 as a
function of relative humidity and temperature. The water vapor flux through stress corrosion
cracks, q, is given by Equation 6.6.2-8. The corrosion rate, rcorr, is the stoichiometrically
equivalent rate of iron consumption that occurs when limited by the water vapor influx, q. The
release delay is the time, tcorr, required to corrode from one side through 10 mm of carbon steel
or 50.8 mm of stainless steel at the rate, rcorr.
This alternative conceptual model provides additional realism compared to the base model by
accounting for the delay in formation of a diffusive pathway for transport of radionuclides due to
water consumption by corrosion reactions. However, data and analyses are not available to
support certain assumptions used in this alternative model. For example, it is not known whether
water will in fact be consumed by corrosion reactions so preferentially that none will adsorb
anywhere inside a breached waste package. In addition, this alternative conceptual model does
not account for possible spatial variations in the extent of corrosion. As an example, if the iron
near the breaches in the outer corrosion barrier is completely corroded before the iron far from a
breach has even begun to corrode, then water adsorption could occur there, forming a diffusive
release pathway before all of the iron in the waste package has been consumed. In that case, this
model would be non-conservative. Because of the lack of data and potentially non-conservative
results, this alternative conceptual model has not been implemented in the TSPA-LA model.
Table 6.6-1.

Summary of Release Delays Resulting from Limitations on Diffusion of Water Vapor
Through Stress Corrosion Cracks
Drift RH

C", (mol cm"3)
q (mol H20 yr-)
rcor (mol Fe yr-1)
tc,,,, Carbon steel only, Fe 2 0 3
stoichiometry, open stress
corrosion cracks (yr)
tco~r, Carbon steel only, Fe(OH) 3
stoichiometry, open stress
corrosion cracks (yr)
tcoff, Carbon steel only, Fe 20 3
stoichiometry, scý = 0.4 (yr)
tcof,, Carbon steel only, Fe(OH) 3
stoichiometry, O.,cc = 0.4 (yr)
tco,, Stainless steel only, Fe 2 0 3
stoichiometry, open stress
corrosion cracks (yr)
tco~f,Stainless steel only,
Fe(OH) 3 stoichiometry, open
stress corrosion cracks (yr)
tcor, Stainless steel only, Fe 2 0 3
stoichiometry,
10..= 0.4 (yr)
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0.8

0.9
T= 500C, DAB = 0.313 cm2

0.95

0.99

1.00

S-1

3.67x10-6
27.5
18.3
5,380

4.13x10-6
30.9
20.6
4,780

4.36x1O-6
32.7
21.8
4,530

4.54x10-6
34.0
22.7
4,350

4.59x10-6
34.4
22.9
4,300

10,900

9,720

9,210

8,840

8,750

13,400

12,000

11,300

10,900

10,800

26,900

23,900

22,600

21,700

21,500

6,530

5,810

5,500

5,280

5,230

13,100

11,600

11,000

10,600

10,500

16,300

14,500

13,800

13,200

13,100

III

_
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Summary of Release Delays Resulting from Limitations on Diffusion of Water Vapor
Through Stress Corrosion Cracks (Continued)

Table 6.6-1.

Drift RH
tCO6, Stainless

steel only,

0.8

0.9

0.95

0.99

1.00

32,700

29,000

27,500

26,400

26,100

Fe(OH) 3 stoichiometry,
= 0.4 (yr)
0
T= 70 C,

C", (mol cm-3)
1

q (mol H20 yr- )
rco., (mol Fe yr-)
tcorr, Carbon steel only, Fe 203
stoichiometry, open stress
corrosion cracks (yr)
tcorr, Carbon steel only, Fe(OH) 3
stoichiometry, open stress
corrosion cracks (yr)
tcorr, Carbon steel only, Fe 20 3
stoichiometry, scc = 0.4 (yr)
tco,, Carbon steel only, Fe(OH) 3
stoichiometry, ý,cc = 0.4 (yr)
tcofr, Stainless steel only, Fe 20 3
stoichiometry, open stress
corrosion cracks (yr)
tcorr, Stainless steel only,

Fe(OH) 3 stoichiometry, open
stress corrosion cracks (yr)
tco,, Stainless steel only, Fe 20
stoichiometry,

3

DAB =

0.360

cm

2

S-1

8.75×10-6

9.84x106

1.04x10-5

1.08x10-5

1.09x10-5

75.4
50.3
1,960

84.8
56.5
1,740

89.5
59.7
1,650

93.3
62.2
1,590

94.2
62.8
1,570

3,990

3,550

3,360

3,220

3,190

4,910

4,360

4,130

3,960

3,920

9,810

8,720

8,260

7,930

7,850

2380

2,120

2,010

1,930

1,910

4,770

4,240

4,010

3,850

3,810

5,960

5,300

5,020

4,810

4,770

11,900

10,600

10,000

9,630

9,530

0.. = 0.4 (yr)

tcor, Stainless steel only,
Fe(OH) 3 stoichiometry,

= 0.4 (yr)
T = 300C, DAB = 0.269 cm2 s-1
C", (mol cm-3)
q (mol H20 yr-')
rcoff (mol Fe yr')

tco~r, Carbon steel only, Fe 20 3
stoichiometry, open stress
corrosion cracks (yr)
tcorf,

Carbon steel only, Fe(OH) 3

1.35x10-

1.51x10-6

1.60x10-6

1.67x10"

1.68x10-6

8.7

9.8

10.3

10.8

10.9

5.8

6.5

6.9

7.2

7.2

17,000

15,100

14,300

13,800

13,600

34,600

30,800

29,200

28,000

27,700

42,600

37,800

35,900

34,400

34,100

85,100

75,700

71,700

68,800

68,100

20,700

18,400

17,400

16,700

16,500

stoichiometry, open stress
corrosion cracks (yr)

tcorr, Carbon steel only, Fe 20 3
stoichiometry, scc = 0.4 (yr)

tcorr, Carbon steel only, Fe(OH) 3
stoichiometry, scc = 0.4 (yr)

tcor, Stainless steel only, Fe 20
stoichiometry, open stress

3

corrosion cracks (yr)
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Table 6.6-1.

Summary of Release Delays Resulting from Limitations on Diffusion of Water Vapor
Through Stress Corrosion Cracks (Continued)

Drift RH
tCO6,,Stainless steel only,
Fe(OH) 3 stoichiometry, open

0.8
41,400

0.9
36,800

0.95
34,800

0.99
33,400

1.00
33,100

51,700

46,000

43,500

41,800

41,400

103,000

91,900

87,100

83,600

82,700

stress corrosion cracks (yr)

tco~r, Stainless steel only, Fe 2O3
stoichiometry,
Oscc = 0.4 (yr)

tcor, Stainless steel only,
Fe(OH) 3 stoichiometry,
•scc = 0.4 (yr)

6.6.3

Limited Oxygen Diffusion Rate into Waste Package

Dry air oxidation under atmospheric conditions can also proceed once stress corrosion cracks
appear (CRWMS M&O 2000 [DIRS 135968], p. 14). Therefore, the rate of oxygen diffusion
through cracks should also be considered, since oxygen diffusion may limit the corrosion rate.
The mean corrosion rate of Stainless Steel Type 316L under atmospheric conditions,
0.113 pm yf-1 (DTN: MO0407SPAPCEML.005 [DIRS 172097], Spreadsheet: atmospheric.xls,
Worksheet:
316)
is
lower
than
under
aqueous
conditions,
0.248 pm yr(DTN: MO0409SPAACRWP.000 [DIRS 172059]; Spreadsheet "aqueous-316L.xls"; Worksheet
"freshwater", 50-100°C data). To compare the corrosion rate with the oxygen diffusion rate, the
lifetime of the waste package inner vessel is estimated, since this is the thickest component of a
waste package and will provide the longest component lifetime. The inner vessel is 50.8 mm
thick (BSC 2004 [DIRS 169472]; BSC 2004 [DIRS 167394], Detail A); with unlimited oxygen
availability, its lifetime is 50.8 mm/(0. 113 x 10-3 mm yr-l) = 4.50 x 105 yr for corrosion from
one side. An estimate of the molar corrosion rate can be obtained by letting the effective Fe
content of the Stainless Steel Type 316 listed in Table 6.3-4 be inner vessel and lid material.
Then the corrosion rate is 10800 kg Fe/[(0.055847 kg Fe/mol)(4.5x 105 yr)] = 0.43 mol Fe yrq.
Consider the following net stoichiometry (not necessarily the actual reaction path) for dry air
oxidation to produce Fe 20 3 (3 mol 02/4 mol Fe):
4 Fe + 3 0 2 -> 2 Fe20 3.
This is equivalent to an oxygen consumption rate of 0.32 mol 02 yrFor nonpolar gas pairs, parameters a and b in the diffusion coefficient expression,
Equation 5.4.2-6, are 2.745x10-4 and 1.823, respectively (Bird et al. 1960 [DIRS 103524],
Equation 16.3-1).
Using the appropriate parameters for oxygen (A) diffusing in air,
TeA =154.58 K, pcA = 5.043 MPa = 49.77 atm (Weast 1985 [DIRS 111561], p. F-62), and
MA =31.9988 g mol-F, it follows that:
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/

"•1.823

323.15
DAB = (2.745x10-4I
J (154.5 8X1T32.))

[(154.58X132.)]I/
3 1. 9 88
=

+

28

[(49.1 3r6.4)]'/3

.064

)'

(Eq. 6.6.3-1)

0.237 cm 2 s-I.

Let the oxygen concentration in air in a drift outside a waste package be the same as in the
atmosphere: 20.946 volume-percent (Weast 1985 [DIRS 111561], p. F-156) or 0.20946 mol
02 mol-F air.
As an example, suppose the temperature is a uniform 50'C.
With
3
22,414 cm mol-', the 02 concentration is:
0 '
0.04
0'20946 mol
mol air2

S-22414 cm 3 )323.15')

mol

(Eq. 6.6.3-2)

)~273.15)

= 7.899 x10- 6mol0

2

cm"3 air.

Inside a waste package, suppose the oxygen concentration is essentially zero. For an example
with 25 stress corrosion cracks with a total cross-sectional area of 1.93 cm 2 , the rate of diffusion
of oxygen is:
q= DA

AC,

=(0.237 crn2Y1. 93 CM2t789
=114mol0

2

10S~
cmCmj33.1556926xlO

(Eq. 6.6.3-3)

yr.

In this case, the corrosion rate is limited by the reaction kinetics, rather than the rate of diffusion
of oxygen, since the oxygen diffusion rate is about 360 times greater than the oxygen
consumption rate due to stainless steel corrosion under atmospheric conditions (114 mol yr'l vs.
0.32 mol yr-). If corrosion products fill the stress corrosion cracks to a porosity of, say 0.4, the
diffusion rate is still 140 times greater than the oxygen consumption rate due to stainless
steel corrosion.
Accounting for the stoichiometry to produce Fe 20 3 (3 mol 02/4 mol Fe), the oxygen diffusion
rate is equivalent to an iron consumption rate of 152 mol Fe yrl. At the same temperature
(50'C), water vapor diffusion allows, at most, 58.2 mol Fe yr 1 (Table 6.6-1, RH= 1.0) to be
consumed, primarily because the water vapor concentration in air is much less than the oxygen
concentration, so the gradient into the waste package is smaller. However, the reaction rate of
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iron with oxygen is lower than that of iron with water, so the steel components inside a waste
package have a lesser affinity for oxygen than for water.
These calculations indicate that a more accurate mass balance for water and oxygen inside a
waste package could reduce predicted releases of radionuclides to the invert, and thus releases to
the accessible environment. Releases could be delayed for several thousand years compared
with current estimates as the corrosion of fuel baskets and inner vessel components scavenges
water and oxygen that diffuse through small stress corrosion cracks (providing general corrosion
patches do not form first). Formation of a diffusive pathway could then be delayed until
corrosion of iron-based materials is largely completed.
Despite the potential for delays in releases of radionuclides predicted by these models,
uncertainty exists in the processes that are modeled. The assumption that no water is physically
adsorbed until all steel is corroded is questionable, since adsorption is typically a fast process.
On the other hand, if water consumption by corrosion does keep the relative humidity lower
inside the waste package than outside, the effective water saturation could be less than when
calculated using the humidity of the drift. If this occurs, calculated diffusion coefficients are
simply lower than given by the in-package diffusion submodel, rather than zero, but for the time
required for the internal components to corrode. The net effect is similar to what these
alternative conceptual models predict. The corrosion rates that have been used are for aqueous
conditions, which might exist on a microscopic scale. However, to be consistent with the
assumption here that no adsorbed water film forms, rates in a low-humidity gaseous environment
should be used. This increased realism would increase the time required for complete corrosion
of the steel.
This alternative conceptual model provides additional realism compared to the base model by
accounting for the delay in formation of a diffusive pathway for transport of radionuclides due to
oxygen consumption by corrosion reactions. However, as with the alternative conceptual model
for limited water vapor diffusion rate into waste package (Section 6.6.2), data and analyses are
not available to support all of the assumptions used in this alternative model. Examples include
to what extent oxygen is needed for corrosion and the extent to which water vapor will compete
with or interfere in diffusion and corrosion reactions. This alternative conceptual model also
does not account for possible spatial variations in the extent of corrosion. Because of the lack of
data and potentially non-conservative results, this alternative conceptual model has not been
implemented in the TSPA-LA model.
6.6.4

Dual-Continuum Invert

The LA invert design (BSC 2004 [DIRS 169503]) uses crushed tuff as the invert ballast material.
This material is actually comprised of two pore spaces - intragranular pore space (tuff particle
matrix) and intergranular pore space. Although radionuclide transport by both advection and
diffusion can occur in both pore spaces, the dominant flow and transport processes in each of
these two pore spaces is generally different. In order to simulate flow and transport through the
invert accurately, the invert may be conceptualized as overlapping dual continua and modeled
using a dual-permeability approach (SimOinek et al. 2003 [DIRS 167469], p. 22), wherein flow
and transport occur in both pore spaces, and mass transfer takes place between the two
pore spaces.
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Transport through the drift invert can occur either through the intergranular porosity of the invert
ballast material or through the intragranular porosity. Advective transport depends upon the
liquid flux through each of these porosities. Diffusive transport through each of these porosities
depends upon the diffusive properties associated with each pathway. For this alternative
conceptual model, the invert is modeled as overlapping dual continua in which one continuum is
represented by the intergranular porosity and the other continuum is represented by the
intragranular porosity, as shown in Figure 6.6-2.
Whereas the single-continuum invert model, as shown in Figure 6.3-1, has a single advective
flow path (Pathway 8) from the invert to the unsaturated zone, the dual-continuum invert has two
potential advective flow pathways, as shown in Figure 6.6-2:
Pathway 8 Flux from the Intragranular Invert Continuum to the Unsaturated
Zone - Advective flux from the invert intragranular continuum flows directly
into the UZ matrix.
Pathway 9 Flux from the Intergranular Invert Continuum to the Unsaturated Zone All advective flux from the invert intergranular continuum flows directly into
the UZ fractures.
In this model, no advective flux occurs between the two invert continua. Thus, the flux through
pathway 8 is identical to the imbibition flux, pathway 7: F8 = F7 .
Ignoring three-dimensional effects (e.g., flow along the axis of the drift), the quasi-steady state
flux through the intergranular invert continuum is equal to the seepage flux: F9 = Fl.
This alternative conceptual model for flow and transport through the EBS includes five domains:
the waste form (e.g., fuel rods or HLW glass), waste package corrosion products, the
intergranular invert continuum, the intragranular invert continuum, and the invert/UZ interface
domain. The first two domains are the same as in the base case model. The third domain (the
intergranular invert continuum) is modeled as being in intimate contact with the waste package
and has an average thickness of 0.597 m (Section 6.5.3). The fourth domain (the intragranular
invert continuum) is also modeled as being in intimate contact with the waste package and has
the same average thickness, 0.597 m, as the intergranular invert continuum.
Table 6.6-2 summarizes the transport modes and transport parameters for the transport pathways
in the EBS when the invert is modeled as a dual continuum.
The diffusive fluxes to the dual invert continua are determined from the flux continuity at the
interface between the corrosion products domain and the invert continua. This requirement
states that the diffusive flux exiting the corrosion products domain is equal to the sum of the
diffusive fluxes entering the two invert continua. The diffusive flux split will depend on the
diffusive properties in the corrosion products domain and both invert continua together with the
concentration gradients across the corrosion products domain/invert interface.
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Seepage Flux into the Drift
and Gondensation Flux from Drift Wall
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Imbibition Fluxjfrom Host Rock

Figure 6.6-2. Schematic of the Potential Flow Pathways in the EBS
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Table 6.6-2.

Summary of Transport Modes and Parameters for the EBS Transport Pathways with
Dual-Continuum Invert

Transport Pathway
1. Waste form and
corrosion products
domains

Transport Parameters and Data Sources
No lateral or forward dispersion.
Colloidal particles will transport radionuclides.
Diffusive area for each stress corrosion crack is
7.7 x 10-6 m2 (see Section 6.3.3.1.2.1).
Diffusive area for each patch is provided by WAPDEG
(BSC 2004 [DIRS 169996]).

Transport Modes
Diffusion through stress
corrosion cracks (no
advective transport through
stress corrosion cracks).
Diffusion
and advection
through corrosion
products
and patches.

Diffusion coefficient (all radionuclides):
* 2.299 x 101 cm2 s71 at 250C (Mills 1973
[DIRS 133392], Table III)
* Modified for porosity and saturation (see Section
6.3.4.3.5); not modified for temperature.
* Reduced by a factor of 100 if radionuclide is
bound to a colloid (see Section 6.3.4.4).

The cross-sectional area Acp,qnvert for radionuclide
transport is given by the interface between the waste
package corrosion products domain and the invert
domain.
See Section 6.5.3 for further details.

2. Intragranular invert
continuum

Diffusion from corrosion
products domain through the
invert intragranular
continuum.

3. Intergranular invert
continuum

Diffusion and advection (F6)
from corrosion products
domain through the invert
intergranular continuum.

No advection from corrosion products domain into
invert intragranular continuum. Advection UZ into
invert intragranular continuum (F7 ).
Diffusion coefficient (all radionuclides):
* 2.299 x 10- cm 2 s-1 at 250C (Mills 1973
[DIRS 133392], Table Ill)
* Modified for porosity and saturation (see
Section 6.3.4.1)
* Temperature modification defined in
Section 6.3.4.1.2; invert temperature is provided
by Multiscale Thermohydrologic Model
calculations (BSC 2004 [DIRS 173944])
* Reduced by a factor of 100 if radionuclide is
bound to a colloid (see Section 6.3.4.4).
Flow cross-sectional areas given by the top surface
area of the invert, Aiiuz (Equation 6.5.3.3-4).
Liquid flux for advection = F6 = F5 (diverted by WP) +
F4 (flux through WP) + F3 (diverted by drip shield).
Diffusion coefficient (all radionuclides):
e 2.299 x 10- 5 cm 2 s-1 at 250C (Mills 1973
[DIRS 133392], Table III)
" Modified for porosity and saturation (see
Section 6.3.4.1)
* Temperature modification defined in
Section 6.3.4.1.2; invert temperature is provided
by Multiscale Thermohydrologic Model
calculations (BSC 2005 [DIRS 173944])
" Reduced by a factor of 100 if radionuclide is
bound to a colloid (see Section 6.3.4.4).
The cross-sectional area Alvz for radionuclide
transport is the top surface area of the invert
I (Equation 6.5.3.3-4).
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Table 6.6-2.

Summary of Transport Modes and Parameters for the EBS Transport Pathways with
Dual-Continuum Invert (Continued)

Transport Pathway
4. Invert intragranularintergranular
interface

5. Invert-UZ interface

Transport Modes
Diffusion between the invert
intergranular continuum and
the intragranular continuum.

Advection from the invert
intragranular continuum to UZ
matrix (F8).
Advection from the invert
intergranuiar continuum to UZ
fractures (Fg).
Diffusion from the invert
intragranular continuum to UZ
fractures and matrix.

Transport Parameters and Data Sources
Mass transfer coefficient uses (see Section 6.6.4.1):
* Diffusion coefficient of the intragranular continuum
* Sampled geometry-dependent factor, P
(InvertGeometryCoef)
* Diffusive path length equal to mean invert tuff
particle radius, 5 mm.
Parameters are dependent on discretization of the
invert model; see Section 6.5.3.5 for discretization and
implementation details.
The invert diffusion calculation uses radionuclide
concentrations in the WP corrosion products domain
as the boundary condition at the top of the invert and a
series of unsaturated zone computational cells below
the invert that provide a gradient to a zero radionuclide
concentration at some distance from the bottom of the
invert. See Section 6.5.3.6.

Diffusion from the invert

intergranular continuum to UZ
fractures and matrix.
WP = waste package

For discussion of the diffusive flux treatment at the corrosion products domain/invert interface
consider a diffusive flux term, either aqueous or colloid flux, within the transport mass balance
equation. Let Z,2,,, denote the spatial location of the corrosion products domain/invert
interface. Then for z < Zinterface, the diffusive flux for radionuclide species i at a location within
the corrosion products domain is:
OcpS., cpDcp ýSý

az

I

(Eq. 6.6.4-1)

where qcp is the porosity of the single-continuum corrosion products domain.
For z > zinterf,,e , the diffusive fluxes within the intergranular invert and intragranular invert media
are, respectively,
OinterSiv

interDinter

Cii'er

nzra
O,,,,Sv ,, ,,,,,D,,t. a Ci.,

-
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The mass transport across this interface is coupled by the flux continuity condition at the
interface:
OcpS..CP

CP

=

erSwaCi,

+-

+

aZ

(Eq. 6.6.4-4)

i Dina aCiintra
jintra
az+

where
-and
az-

az ÷

are the derivative from above and the derivative from below, respectively, at the interface.
A similar flux continuity condition
invert/UZ interface.
6.6.4.1

for each invert continuum

is applied

at the

Invert Dual Continuum Interface Transfer

If a gradient exists in the concentration of dissolved radionuclide species i or of colloids that
contain radionuclide species i, mass will be transferred across the interface between the two
continua. The mass transfer coefficients for dissolved species and colloids, a (s-, given by
Equation 6.5.1.2-22), are dependent on the geometry and diffusivity in the neighborhood of
the interface.
Mass will also be transferred with advective flow across the interface as a result of head or
pressure gradients between the two continua, for example, when imbibition into the tuff matrix
(i.e., intragranular continuum) occurs. This effect is ignored in the invert since it should be a
short term and infrequent occurrence.
When advective interface mass transfer is neglected, the mass transfer coefficient has the form
(Gerke and van Genuchten 1996 [DIRS 167466], p. 345; Corapcioglu and Wang 1999
[DIRS 167464], p. 3263; SimOnek et al. 2003 [DIRS 167469], pp. 28 and 30):
a=Ad e,

(Eq. 6.6.4.1-1)

where fl is a dimensionless geometry-dependent coefficient, d is a characteristic length (m) of
the matrix structure (e.g., half the aggregate width or half the fracture spacing), and De is an
effective diffusion coefficient (m2 s-1) that represents the diffusion properties of dissolved
species at the interface between the two continua for radionuclide species i. For colloids
containing sorbed radionuclides, De represents the diffusion properties of those colloids at the
interface between the two continua. Since the self-diffusion coefficient of water is used as a
bounding value for all radionuclides, the subscript on the diffusion coefficient in
Equation 6.5.1.2-22 can be dropped in Equation 6.6.4.1-1.
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Mass transfer coefficients obtained analytically using Laplace transform comparisons derived
values for 63 of 3 for rectangular slabs, 8 for solid cylinders, and 15 for spheres (Gerke and van
Genuchten 1996 [DIRS 167466], p. 345). Values of 63 have also been obtained (Gerke and van
Genuchten 1996 [DIRS 167466]) by directly matching analytical solutions of the diffusion
models to results obtained with the first-order model such as Equation 6.5.1.2-18. Gerke and van
Genuchten (1996 [DIRS 167466]) derived an empirical expression to estimate ,6 for complex
and mixed types of structural geometry. A dimensionless surface-area-to-volume ratio of a
particle, "=-gag,
is defined, where ag is the effective length of the matrix pore system; for
g9
example, for a solid cylinder, ag is the radius; for a cube, ag is half the length of a side; for a
sphere, ag is the radius. Thus, for a solid cylinder, 4 = 2, and for a sphere and a cube, 4"= 3.
For values 2< :5 10, Gerke and van Genuchten (1996 [DIRS 167466], p. 354) give the
following fitted empirical expression:

/3= 11.4275 -

7.4438," + 3.5473"2.

(Eq. 6.6.4.1-2)

For cubes and spheres, Equation 6.6.4.1-2 gives a value for /8 of 21.0 (compared to 15 for a
sphere using the analytical method), and for a solid cylinder, '6 = 10.7 (compared to 8 from the
analytical method). Since the geometry of crushed tuff invert particles is uncertain, these
estimates of 63 help to establish a range of values over which /6 can be sampled.
The crushed tuff invert material will be produced by a tunnel boring machine that will excavate
the drifts for the repository. The cuttings from tunnel boring machines can be characterized as
generally well graded material containing large flat and elongated chips and moderate excess of
fines (Gertsch et al. 1993 [DIRS 107880], p. 20). Tests done on samples of TSw2 tuff using a
linear cutting machine produced cuttings that, in the plus inch fraction, were elongated and flat,
while the finer particles were more cubic (Gertsch et al. 1993 [DIRS 107880], p. 42-43). The
operating parameters expected to be utilized in the Yucca Mountain Project tunnel boring
machine will reduce the maximum particle size and result in the particles being more cubic
(Gertsch et al. 1993 [DIRS 107880], p. 44). Particle sizes for the invert material will range from
0.075 mm (No. 200 sieve) to 50 mm, with 50 percent of the particles passing a 10-mm sieve
(BSC 2004 [DIRS 170559], Sheet 2). Therefore, the average diameter for invert crushed tuff
particles (spherical or cylindrical) is 10 mm; and if the particles are treated as cubes, the average
length of a side is 10 mm. The characteristic length d (Diff LengthInv_Inter Intra) is the
radius or half the distance through a cube, or 5 mm.
The invert material will be composed of particles that are roughly spherical or cubic, along with
elongated particles that can be considered roughly cylindrical. For cylinders, cubes, and spheres,
estimates of 03 (Invert GeometryCoef) range from 8 to 21. A particle shape distribution is not
available; therefore, a uniform distribution for /6 is appropriate.
The model for the mass transfer between overlapping continua is represented by the diffusion of
solute on a macroscopic control volume scale, i.e., between two entire domains or computational
cells, rather than on the elemental volume scale used to formulate the mass balance equations in
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Section 6.5.1.2. Consequently, the mass transfer between the two invert continua is not written
as a gradient of diffusive mass flux with respect to the coordinate dimensions. In the discrete
formulation, this flux is modeled as a diffusive flux between two invert cells. For the discrete
realization of the invert continua mass transfer, the diffusive length within the intergranular
continuum is taken to be zero. This is a result of the water within the intergranular continuum
consisting of a film of negligible thickness on the surface of the intragranular materials. The
diffusive length within the intragranular continuum depends on some mean diffusive length
within the crushed tuff material. This diffusive length is taken as a mean radius of spherical
particles, 5 mm. The diffusive area is estimated as the surface area of all spherical particles
necessary to fill the invert volume. Therefore, the characteristic length parameter, d, is identified
as the diffusive length (5 mm) within the intragranular continuum.
6.6.4.2

Discretization of Dual-Continuum Invert Alternative Computational Model

Discretization of the continuum mass balance equations for EBS transport model is described in
Section 6.5.3.5 for a single-continuum invert. Numerical modeling of the EBS radionuclide
transport is performed using the GoldSim software (Golder Associates 2003 [DIRS 166572]) cell
pathway capability. The cell pathway acts as a batch reactor, where radionuclide mass is
assumed to be instantaneously and completely mixed and partitioned among all media (fluid or
solid) within the cell. When multiple cells are linked together in a cell network via advective and
diffusive mechanisms, GoldSim numerically solves the coupled system of equations to compute
the radionuclide mass present in each cell and the mass fluxes between cells as a function
of time.
Within a computational cell network, each cell is allowed to communicate by advection and/or
diffusion with any other cell. This concept is crucial in implementing the bifurcation of diffusive
fluxes across an interface between a single continuum domain and a dual continuum domain,
such as at the interface between the corrosion products domain and the dual continuum invert
domains. Each computational cell is provided with parameters describing water volumes,
diffusive properties, and advective and diffusive flux links to other cells. Between any two cells,
the diffusive flux can be bidirectional, depending on the concentration gradient, while the
advective flux is unidirectional. The output of a cell is given in terms of the advective and
diffusive mass fluxes for radionuclide species i and its concentration at the cell center.
In this alternative conceptual model, the invert is conceptualized as a dual continuum domain of
intergranular and intragranular continua. The discretization of the invert domain, using
GoldSim, consists of two cells - one representing the invert intergranular continuum and the
other representing the invert intragranular continuum.
Between the corrosion products and invert domains, an advective flux communication exists
from the corrosion products cell to the invert intergranular cell only; none enters the
intragranular invert cell. Any advective flux due to imbibition from the host rock to the invert
enters the intragranular cell only. The advective exchange from the intergranular continuum to
the intragranular continuum is excluded by capillary pressure differences. Diffusive flux
communication exists between the single continuum corrosion products and dual continuum
invert. It is shown subsequently in this section how the diffusive flux bifurcation at this interface
satisfies the flux continuity condition (Equation 6.5.1.2-53). The mass balance transport
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equations for the dual continuum invert cells are coupled by the radionuclide mass transfer flux
(Section 6.6.4.1), which is represented within GoldSim as a diffusive flux link between the
intergranular and intragranular invert cells.
Below the invert, part of the near-field UZ is modeled by an array of cells, which serves to
establish a far field zero-concentration boundary and an accurate representation of the flux at the
invert-to-UZ interface.
The EBS-UZ interface model is described in more detail in
Section 6.5.3.6. The dual continuum approach for modeling the UZ is considered by creating
UZ matrix and fracture cells. The two invert cells communicate with the UZ matrix and fracture
cells directly below them in the UZ cell array (Section 6.5.3.6).
For transport from the corrosion products domain (single continuum) to the invert domain (dual
continuum), the flux continuity condition at the interface provides the diffusive flux bifurcation
between the single continuum and the dual continuum.
The diffusive fluxes of radionuclide species i within the corrosion products cell, the invert
intergranular cell, and the invert intragranular cell are, respectively,
(OS DA)C. (ciCP -cici,.it)

c--

Lcp

=bCP (CiCP

-

(Eq. 6.6.4.2-1)

CiCPinv int)

Vin, °,. = SD).te
C innt
Linter

iner

(Eq. 6.6.4.2-2)

=incL,(CCPinvinI-Cirr)

-

Finr, =

('OI"DA)nfr"

(ciM,,vn

-

Lilr,
= 15intra (CClivn

Cjn .)

(Eq. 6.6.4.2-3)
-

Cjintra)I

where
Dcp
Dinter

Dintra
Lcp
Linter

Lin•,ra

= effective diffusion coefficient of radionuclide species i within the corrosion
products cell (cm 2 s-I)
= effective diffusion coefficient of radionuclide species i within the invert
intergranular cell (cm2 s-')
= effective diffusion coefficient of radionuclide species i within the invert
intragranular cell (cm 2 S-I)
= diffusive length within the corrosion products cell (in)
= diffusive length within the invert intergranular cell (m)
= diffusive length within the invert intragranular cell (m)
=

Linter
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CicP
Ciinter

Caintra
Cicp/in,•n,

and the

b

= concentration of radionuclide species i in the corrosion products
(kg i m-3 )
= concentration of radionuclide species i in the invert intergranular
(kg i m-3 )
= concentration of radionuclide species i in the invert intragranular
(kg i m-3 )
= concentration of radionuclide species i at the interface between
corrosion products and invert cells (kg i m- 3)

cell
cell
cell
the

''DA are respective diffusive conductances (cm 3 S-I)
L

The flux continuity at the interface requires:
(Eq. 6.6.4.2-4)

FicP = Fiinr+ Fiintra.

From the flux continuity, the interface concentration of radionuclide species i is determined as a
function of the diffusive parameters and the cell concentrations as:

ccpccp + Diner.C,,. + D

inra

er

CiCP/invint -

DCP

+

infer +

C6.64,,2-r)

(Eq. 6.6.4.2-5)

intra

This provides the invert intergranular and intragranular diffusive fluxes of radionuclide species i,
respectively, as:
Ocpiinte
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F Dr=CP +
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(Eq. 6.6.4.2-7)
DinterDintra
Dcp+

enr+

(

Chinra-Ciner)

infra

The expression for the diffusive flux of radionuclide species i from the corrosion products cell to
the invert intergranular cell can be expressed as a diffusive conductance multiplied by a
concentration difference of radionuclide species i between the corrosion products cell and the
invert intergranular cell plus a corrective flux between the invert intergranular and intragranular
cells. Similarly, the expression for the diffusive flux from the corrosion products to the invert
intragranular cell is expressed as a diffusive flux between the corrosion products and the invert
intragranular cell minus the same corrective flux between the invert cells. The inclusion of the
corrective flux term is explained as follows. The flux to both invert cells should depend on the
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diffusive properties in the corrosion products cell and the two invert cells, together with the
concentrations in these three cells. Therefore, the flux to the invert intergranular cell cannot be
expressed only in terms of the concentration drawdown between the corrosion products cell and
the invert intergranular cell. The corrective term includes the dependence of the invert
intergranular flux on the concentration of radionuclide species i in the invert intragranular cell.
Further, the corrective flux term is not a true flux expression between the two invert cells, since
the diffusive conductance coefficient is dependent on the diffusive area between the corrosion
products and the invert, and the diffusive lengths are the lengths with respect to flow from the
corrosion products cell to the invert cells.
The invert fluxes result in defining three diffusive conductances from the flux expressions:
)DcpDiner

(.

,C+

D

+

Dc

De

+ Din.r

intra linter iintra

(-c

c )=

Ciintr,

(Eq. 6.6.4.2-8)

-

Cinra),

(Eq. 6.6.4.2-9)
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(,, ntra -- C,,nter),

(Eq. 6.6.4.2-10)

where
Dcpli.,e
Dcpl/nta
binrainter

= effective diffusive conductance between corrosion products cell and invert
intergranular cell (cm 3 S-I)
= effective diffusive conductance between corrosion products cell and invert
intragranular cell (cm 3 s-I)
= effective diffusive conductance between invert intragranular and
-

intergranular cells (cm 3 S-I).
In order to accommodate the GoldSim representation of diffusive conductance as a two-term
expression, the diffusive conductances of radionuclide species i are written as:
Dl'i,

-

LcP
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I

Dintralinter

(Eq. 6.6.4.2-13)
Lintrl

.

p(1S.,DA)

(Os,,DA) ,ner

(OS.DA),aro

S Lcp (q'S.DA)inra + Lin.ra (OS.,DA Tcp

Another approach to discretizing the dual-continuum invert requires introduction of an interface
cell, located between the corrosion products cell and the invert cells. This approach is used for
this alternative invert model. The interface cell provides an approximate interface concentration
and the resulting flux split at the corrosion products to invert cell interface. The interface cell is
conceptualized as a very thin slice of the corrosion products cell.
This implies the interface cell takes on the corrosion products diffusive properties, with the
exception of diffusive length. Let the diffusive length within the interface cell be some small
fraction (an InterfaceScaleFactor) of the corrosion products diffusive length, say,
InterfaceScaleFactor= 10-6:
(Eq. 6.6.4.2-14)

LCP-in, =I 0-6 Lcp I

The use of a InterfaceScaleFactor of 10-6 is examined in Section 6.6.4.4.
The diffusive conductance between the corrosion products cell and the corrosion products
interface cell is calculated as the harmonic average:
I

DCPICP-int =

LC

(Eq. 6.6.4.2-15)

+

Lcp+int
+O.4c
(SD4c

For diffusion between the interface cell and the invert intergranular and intragranular cells, the
diffusive conductances are, respectively,
1

CP-intlinter

LCP1

+

Linvert

DCP-intlinfra

LCP-inzt

Lin,.ert

(Eq. 6.6.4.2-16)

(Eq. 6.6.4.2-17)

(s,,DA)cP ( s.DA),ot,,o
The interface cell concentration of radionuclide species i is computed as part of the cell network
solution. Because the transport mass balance equations conserve mass, the mass flux leaving the
interface cell must equal the sum of the mass fluxes entering the two invert cells. The solution
provides the flux continuity across the interface between the corrosion products interface cell and
invert cells. This formulation expects the flux exiting the corrosion products cell (or entering the
interface cell) to be approximately equal to the flux exiting the interface cell. This
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approximation is dependent on the diffusive length within the interface cell. The error in this
approximate solution will approach zero as the diffusive length of the interface cell
approaches zero.
At the invert-to-UZ interface, there is diffusive transport between both the invert cells and the
UZ matrix and fracture cells. This implies four connections: from invert intergranular to UZ
matrix, from invert intergranular to UZ fracture, invert intragranular to UZ matrix, and from
invert intragranular to UZ fracture. An analysis similar to that for the diffusive conductances
between the corrosion products cell and the dual invert cells (Equations 6.6.4.25-11 through
6.6.4.2-13) would provide expressions for diffusive conductances for each of the four diffusive
flux links. However, for the TSPA-LA, the approximation provided by introducing an interface
cell when diffusing from a single to a dual continuum exits is used. An approximate solution is
obtained by the introduction of two interface cells at the invert-UZ interface. This approach is
identical to that used above for the interface between the corrosion products cell and the invert
dual continuum cells. One interface cell represents a thin slice of the invert intergranular cell,
and the other represents a thin slice of the invert intragranular cell. Let the length of both invert
interface cells be a fraction (an InterfaceScaleFactor) of the invert diffusive length, say,
InterfaceScaleFactor = 10-6:
Linvert-int =

(Eq. 6.6.4.2-18)

10-6LinVert.

The use of an Interface Scale Factor of 10-6 is examined in Section 6.6.4.4.
The diffusive conductance between the invert intergranular cell and the invert intergranular
interface cell is:
Di,,nerinter-int

Li=Vert

(0S,,DA),

1
1

(Eq. 6.6.4.2-19)

Linvert
(SDAintr
Linfer

while the diffusive conductance between the invert intragranular cell and the invert intragranular
interface cell is:
tra/intra-in=
=

L.
O a -Invert

1

L

(Eq. 6.6.4.2-20)
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The fluxes of radionuclide species i from the invert intergranular interface cell to the matrixfracture UZ cells are computed with diffusive conductances:
Di,,er-,intZm

DA_in,

ANL-WIS-PA-000001 REV 02

L+Z

Li ver_

6-226

(Eq. 6.6.4.2-21)

q

August 2005

EBS Radionuclide Transport Abstraction

Dj,,,er_,,UZf=

Lin,,etAint,

LUZ

+

(Eq. 6.6.4.2-22)

Similarly, the fluxes of radionuclide species i from the invert intragranular interface cell to the
matrix-fracture UZ cells are computed with diffusive conductances:
Dintra-int1UZm
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(Eq. 6.6.4.2-23)
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(Eq. 6.6.4.2-24)

One last term to be discussed is the mass transfer term, Qi,,, between the two invert continua
given by Equation 6.5.1.2-19. This term appears in the mass balance for the transport of
radionuclides dissolved in the aqueous phase and reversibly sorbed (Equation 6.5.1.2-38, or, for
the one-dimensional case, Equation 6.5.1.2-46), and in the mass balance for irreversibly
adsorbed radionuclides on iron oxyhydroxide
colloids (Equation 6.5.1.2-41,
or
Equation 6.5.1.2-47 in one dimension). In these equations, the mass transfer between
overlapping continua is represented by the diffusion of solute on a macroscopic control volume
scale. Consequently, the mass transfer between the two invert continua is not written as a
gradient of diffusive mass flux with respect to the coordinate dimensions, and the treatment
described above for diffusive conductances does not directly apply. For the discrete realization
of the invert continua mass transfer, the diffusive length within the intergranular continuum is
taken to be zero. This is a result of the water within the intergranular continuum consisting of a
thin film on the surface of the intragranular materials. The diffusive length within the
intragranular continuum depends on some mean diffusive length within the crushed tuff material.
This diffusive length is taken as a mean radius of spherical particles. The effective diffusive area
is estimated as the surface area of all spherical particles necessary to fill the invert volume.
Therefore, the characteristic length parameter, d (m), is identified as the diffusive length within
the intragranular continuum, and the diffusive area to length ratio is:
A
L- Interiintra

=)8_nl~raVi_,,2

(Eq. 6.6.4.2-25)

lO0d2

where V,-i,,,r,, is the volume of the invert intragranular continuum (mi3 ), 0ifra is the water content
in the invert intragranular continuum (percent), and f8 is the sampled geometry-dependent
factor, InvertGeometryCoef (dimensionless). The effective diffusive conductance is:
D=......
A

"(Eq.

6.6.4.2-26)
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6.6.4.3

Dual-Continuum EBS-UZ Boundary Condition

The EBS-UZ boundary condition implementation described in Section 6.5.3.6 is used to obtain a
realistic concentration boundary condition at the invert-UZ interface. For the dual-continuum
invert alternative model, the boundary condition implementation is modified to account for
diffusive fluxes from each invert continuum to both UZ fractures and matrix. This
implementation is represented in Figure 6.6-3.
The mass flux from either invert continuum flows into the top layer of the middle zone in the
UZ. The intergranular invert advective flux flows into the top middle UZ fracture cell, while the
intragranular invert advective flux flows into the top middle UZ matrix cell. Advective transfer
of water between the two continua is ignored. The diffusive flux from each of the invert
continua can go into both UZ continua based on the concentration gradient and effective
diffusion coefficient. The advective flux flowing through the UZ fracture cells in the middle
zone is given by the greater of the advective flux out of the invert and the steady state UZ
fracture flux. The advective flux in the two outer zones is given by the steady state UZ flow in
each continuum at the repository horizon; the drift shadow effects are ignored in the transport
calculations as a bounding approximation.
The mass flux from the dual continuum invert domain to the dual continuum UZ, computed at
the boundary of the EBS-UZ interface, would be passed to the UZ transport model, which is
described in Particle Tracking Model and Abstraction of Transport Processes (BSC 2004
[DIRS 170041]). In addition to the total mass flux, the relative fraction of the mass going into
each of the fracture and the matrix cells at the EBS-UZ boundary is required by the UZ transport
model. This fracture-matrix partitioning of mass is calculated on the basis of the mass fraction
going into the fracture continuum (compared to the matrix continuum) from the dual continuum
invert domain in the EBS-UZ interface model. This partitioning is time dependent and captures
the temporal processes active in the EBS, such as varying radionuclide concentrations in the
waste form, corrosion products, and invert domains and changing water flux through various
subcomponents of the EBS.
6.6.4.4

Q)

Verification of Dual Invert/Dual UZ Diffusive Flux Bifurcation

In this section, calculation of the diffusive flux from a single cell (corrosion products) to dual
invert cells (intergranular invert and intragranular invert) and then to two UZ cells (UZ matrix
and UZ fracture) is tested. These tests show that the approximations in the GoldSim
implementation using an InterfaceScaleFactor of 1.0 x 10-6 are correct and that the
implementation in GoldSim agrees with Microsoft Excel calculations.
In this verification test calculation, there is no diffusive communication between the dual
continuum invert cells, and there is no diffusive communication between the UZ matrix/fracture
cells. The corrosion products cell provides a diffusive flux to the dual continuum invert cells.
Each invert cell provides a diffusive flux to both the UZ matrix and fracture cells. For this
verification, at time zero, an initial mass of one gram is released in the corrosion products cell,
while all other cells have initial mass of zero. Parameters controlling diffusion through this test
network were not determined strictly from TSPA-LA data, but were set so that measurable mass
transport to all cells within the network occurs in a reasonable time frame. No parameters were
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assigned a value of one (other than the initial mass in the waste form cell), because any mistake
in multiplication or division by a unit parameter would not be readily detectable.
Seepage Flux

ILegend
- Advective Flux
+--+

Diffusive Flux

SSt

Steady State Fracture Flow

SS,

Steady State Matrix Flow

Figure 6.6-3. Computational Grid in the EBS-UZ Interface Model (Dual-Continuum Invert)
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Two analytical approaches (Al and A2) to the flux bifurcation can be taken when diffusion
occurs from a single cell to dual cells:
Al: The first approach computes diffusive conductances between the single cell and each
dual continuum cell; an auxiliary conductance is required between the dual continuum cells.
This formulation presents the appearance of a diffusive flux communication between the dual
continuum cells, when physically there is no such flux. This approach requires a five-cell
network (corrosion products, invert intergranular, invert intragranular, UZ matrix, and UZ
fracture) and provides an exact representation of the fluxes.
A2: The second approach incorporates an interface cell between cells where diffusion
bifurcates from a single continuum cell to dual continuum cells. The interface cell provides
an approximate concentration at the flux bifurcation interface. For diffusion from a single
continuum cell to dual continuum cells, the interface cell is conceptualized as a thin slice of
the single continuum cell. This implies that, for the proposed cell network, an interface cell
is located between the corrosion products cell and the dual invert continuum cells. This cell
is assigned representative properties of the corrosion products cell, with the exception of the
diffusive length.
The diffusive length for the interface cell is taken to be an
InterfaceScaleFactor times the diffusive length of the corrosion products cell. Between the
intergranular invert cell and the dual UZ cells, an intergranular invert interface cell is
introduced with diffusive properties of the intergranular invert and a diffusive length of the
InterfaceScaleFactor times the diffusive length of the invert. Similarly, between the
intragranular invert cell and the dual UZ cells, an intragranular invert interface cell is
introduced. This conceptualization requires an eight-cell network (five cells of Al plus three
interface cells) and provides an approximate solution.
Three solutions to the diffusion problem are presented:
SI: The first solution is an Excel calculation using Al approach. This provides an exact
solution for the transport network.
S2: The second solution is an Excel calculation using A2 approach. This provides an
approximate solution dependent on the InterfaceScaleFactor parameter. A successive
refinement of the InterfaceScaleFactor demonstrates the convergence of the approximate
solution (S2) to the exact solution (Sl).
S3: The third solution is a GoldSim stand-alone calculation using the A2 approach. This
solution is compared with solution 52 to verify the GoldSim implementation of the model
within the EBS transport abstraction.
The convergence of the approximate solution S2 to the exact solution S1 with refinement of the
Interface ScaleFactor is shown in Figure 6.6-4, where the relative error [I(S1 - S2)1/SI] of the
mass in place for each network cell is plotted as a function of the InterfaceScaleFactor. Figure
6.6-4 shows that the solution S2 converges to the exact solution S1 (i.e., a relative error of zero)
with first order convergence rate with respect to the InterfaceScaleFactor. The error in the UZ
matrix cell is not observed in Figure 6.6-4, since it is overlain by the error in the UZ fracture cell.
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Figure 6.6-5 presents the GoldSim solution S3 and the Microsoft Excel solution S2. The
Microsoft Excel solution S2 and GoldSim solution S3 use an Interface Scale Factor
of 1.0 x 10-6. Figure 6.6-5 shows the mass in place for each of the five cells and demonstrates
the excellent agreement between the Microsoft Excel solution and GoldSim solution. After 2
years, the maximum relative error for the corrosion products cell and the two invert cells is
0.2 percent, and the maximum relative error for the two UZ cells is 1.5 percent.
These results confirm that the bifurcation of diffusive flux from a single continuum (corrosion
products domain) to a dual continuum (invert domain) and then to another dual continuum (UZ)
is accurate and properly implemented in GoldSim.
6.6.4.5

Summary of Dual-Continuum Invert Alternative Conceptual Model

This alternative conceptual model treats the crushed tuff in the invert as a dual continuum
comprised of two pore spaces - intragranular pore space (tuff particle matrix) and intergranular
pore space. Although radionuclide transport by both advection and diffusion can occur in both
pore spaces, the dominant flow and transport processes in each of these two pore spaces is
generally different. The invert is conceptualized in this alternative conceptual model as
overlapping dual continua using a dual-permeability approach, wherein flow and transport occur
in both pore spaces, and mass transfer takes place between the two pore spaces. Despite the
potential for increased accuracy compared to the base case, single-continuum model, insufficient
data exist to validate diffusion coefficients in the individual continua. There are also insufficient
data to confirm whether this is a bounding approach with respect to chemical behavior in the
invert. Therefore, the single-continuum model is used in TSPA-LA.
6.6.5

Alternative Invert Diffusion Coefficient Models

The following two alternative models for determining the diffusion coefficient in the invert are
assessed in this section: the single-continuum invert diffusion coefficient model and the
dual-continuum invert diffusion coefficient model.
6.6.5.1

Alternative Single-Continuum Invert Diffusion Coefficient Model

As an alternative to the Archie's law approach for determination of the diffusion coefficient for
the single-continuum invert (Section 6.3.4.1), diffusion through the crushed tuff invert ballast is
modeled using an approach that has been applied to diffusion in soils. Studies generally show
that the bulk diffusion coefficients of soils at high water content decline with the moisture
content and that a Millington-Quirk power law developed for high moisture content overpredicts
the diffusion coefficient at low moisture content (Nye 1979 [DIRS 167377]; Olesen et al. 1999
[DIRS 154588]). The studies also show that, below a critical moisture content, the diffusion
coefficient for granular materials becomes negligible (So and Nye 1989 [DIRS 170588]).
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Olesen et al. (1996 [DIRS 155700]) found the best description of the bulk diffusion coefficient of
granular soils is the following:

D =0.0045D0 0 (1000
(0- 2.2b)

0 > 2.2b

D =0,

0 < 2.2b,

- 2.2b)'

(Eq. 6.6.5.1-1)

where D, 0, and 0 are the bulk diffusion coefficient (cm 2 s-1), moisture content (percent), and
bulk porosity of the soil (fraction), respectively, Do is the free water diffusion coefficient for
self-diffusion of water, 2.299 x 10-5 cm2 s-1 at 25°C (Mills 1973 [DIRS 133392], Table III), and
the term 2.2b (percent) corresponds to the critical moisture content for these soils. In this
expression, the parameter b corresponds to the dimensionless slope of the Campbell moisture
retention curve on a log-log plot that varies with the pore and grain size distribution of the soil
(Olesen et al. 1996 [DIRS 155700]).
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Source: DTN: MO0508SPAUZDIF.000.
Figure 6.6-4. Relative Error of Mass-in-Place for Microsoft Excel Approximate Solution
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Figure 6.6-5. Comparison of Microsoft Excel and GoldSim Flux Bifurcation Solutions

This behavior for granular materials is generally explained (Olesen et al. 1999 [DIRS 154588])
in terms of a picture in which:
" Above the critical moisture content, the bulk diffusion coefficient of granular materials
is dominated by diffusion coefficient in films of moisture on the grain surfaces
" The diffusion coefficient declines as the moisture content decreases and the tortuosity
associated with these films increases
" Below the critical moisture content, diffusion by the surface films cannot be supported
and the diffusion coefficient is reduced to a very low value.
Conca and Wright (1990 [DIRS 101582]) have concluded that this picture is consistent with their
measurements of crushed tuff.
A moisture retention relation proposed by Campbell (1985 [DIRS 100565], pp. 45-47) is used to
develop the moisture potential relation for the crushed tuff invert. The relationship between
moisture potential, V/(J kg-'), and volumetric moisture content, 0 (percent), is the soil moisture
retention curve, described by the function (Campbell 1985 [DIRS 100565], p. 43):
V/= V/, (0/O)-',
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where Ve is the air-entry moisture potential (i.e., water potential at which the largest water-filled
pore in the soil will drain) (J kg-1), 0, is the saturated moisture content (percent), and b is the
slope (dimensionless) of the ln t' versus InO curve. As the mean pore diameter becomes
smaller, the air-entry moisture potential decreases (becomes more negative). The b parameter
increases as the standard deviation cg (mm) of the pore size increases. Campbell studied the
relationships between geometric particle diameter, dg (mm), geometric standard deviation,

Urg

(mm), and air entry potential, V/e (J kg-). By fitting Equation 6.6.5.1-2 to measured data, he
obtained the following approximate relationships for soils (Campbell 1985 [DIRS 100565],
p. 45) having a bulk density of 1,300 kg m-3:
'es = -0.5d"1/ 2 ,

(Eq. 6.6.5.1-3)

b = -2Y'es + 0.2o-g,

(Eq. 6.6.5.1-4)

where ,,esis the air-entry moisture potential (J kg-); the subscript es refers to the bulk density
of 1,300 kg m73 . The geometric standard deviation depends on the soil texture. The geometric
standard deviation can be estimated from a soil texture diagram as equal to I for coarse sand
particles and 5 for fine-grained material (Campbell 1985 [DIRS 100565], Figure 2.1).
The results for the Campbell retention relation for crushed tuff of 0.45 bulk porosity and grain
sizes ranging from 0.317 mm to 20 mm (BSC 2005 [DIRS 173944], Appendix X) are shown in
Table 6.6-3. Table 6.6-3 also shows the associated range of the critical bulk moisture content in
Equation 6.6.5.1-1.
Table 6.6-3. Parameters Developed for Crushed Tuff
Parameter
Grain Size (mm)a
Bulk Porosity b

0.317
0.45

3
0.45

Standard Deviation, a, (mm)c
Slope of the Campbell retention curve, b

5
2.78

1
0.777

1
0.516

1
0.424

Critical bulk moisture content, 2.2b (%)
a BSC 2005 [DIRS 173944], Appendix X, Section X.4.
b BSC 2005 [DIRS 173944], Appendix X, Section X.3.
CCampbell 1985 [DIRS 100565], Figure 2.1.

6.12

1.71

1.14

0.932

10
0.45

20
0.45

Figure 6.6-6 shows the corresponding range in the diffusion coefficient evaluated according to
Equation 6.6.5.1-1. In general, the invert will include a distribution of tuff grain sizes.
Therefore, the determination of the critical bulk moisture content is made by sampling from a
uniform distribution between 0.932 percent and 6.12 percent. This corresponds to the range of
tuff grain sizes from 20 mm to 0.317 mm, as shown in Table 6.6-3; a uniform distribution is
appropriate for covering the range for an initial analysis of an alternative conceptual model. The
corresponding diffusion coefficient would then be evaluated for this sampled moisture content
according to Equation 6.6.5.1-1.
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Figure 6.6-6. Range of the Bulk Diffusion Coefficients for Crushed Tuff

For conditions in which advective flow does not occur in the crushed tuff, observations indicate
that the intergranular moisture content will generally be negligible. Conca and Wright
(1990 [DIRS 101582]) observed that tuff gravel samples allowed to stand for several hours in the
presence of 100 percent relative humidity reached moisture contents between 0.5 and 1.5 percent
and negligible surface moisture. The measured diffusion coefficients were found in these cases
to be below their measurement limit of 1.03 x 10- 1 cm2 s-1 . Therefore, in the portion of the
invert in which there is no flow, the diffusion coefficient is expected to be negligible.
For conditions in which flow does occur in the crushed tuff, the bulk diffusion coefficient can be
directly evaluated from Equation 6.6.5.1-1 as described above. The uncertainty is accounted for
by expressing the threshold in terms of the critical bulk moisture content:
D=0.0045Do0

(9 -00)

(1000- c)' -

D=0,

9>_Oc

(Eq. 6.6.5.1-5)

0<0c,

where 0 is the bulk moisture content (percent), given by Equation 6.5.3.3-11, and Oc is the
critical value of the bulk moisture content, 2.2b (percent). The critical bulk moisture content is
selected by sampling a uniform distribution between 0.932 percent and 6.12 percent, as discussed
earlier in this section.
Diffusion coefficients of crushed tuff have been estimated using the ultracentrifuge technique
and measurements of electrical resistivity. Conca and Wright (1992 [DIRS 100436]) and Conca
et al. (1993 [DIRS 170709]) measured the bulk diffusion coefficients for a variety of granular
materials, including crushed tuff, as a function of moisture content. Figure 6.6-6 shows the
ANL-WIS-PA-000001

REV 02

6-235

August 2005

EBS Radionuclide Transport Abstraction

results of their measurements of crushed tuff samples with tuff grains sizes between 6.3 mm and
9.5 mm, and between 2 mm and 4 mm. Diffusion coefficients for crushed tuff with grain sizes
between 2 mm and 4 mm have also been measured by Hu et al. (2001 [DIRS 161623]); these
results are also shown in Figure 6.6-6. Finally, the diffusion coefficient measured for samples of
crushed tuff with an unspecified distribution of grain sizes (CRWMS M&O 2000
[DIRS 156680]) are also shown in Figure 6.6-6. Comparison of all of these measurements for
crushed tuff indicates that the model provides a reasonable representation of the diffusion
coefficient for these measured moisture contents (1.4 to 55 percent).
6.6.5.2

Alternative Dual-Continuum Invert Diffusion Coefficient Model

In general, the literature supports a dual continuum picture of the diffusive conductance by the
invert granular material. For example, Roberts and Lin (1997 [DIRS 101710]) observed multiple
conduction pathways in their measurements of the electrical conductance of unsaturated tuff
samples. Their measurements indicated conduction by adsorbed water on the solid surfaces of
the tuff samples and conduction by water within the tuff rock. These measurements support a
dual continuum picture of the tuff samples in which the water on the surface of the samples
corresponds to the intergranular continuum and the water within the samples corresponds to the
intragranular continuum.
Other observations also support this picture. Porter et al. (1960 [DIRS 123115]) studied the way
in which chloride ions move through soil and the effect of the moisture content of the soil on this
movement. These characteristics were interpreted in terms of diffusion within the soil grains and
diffusion on the solid surfaces of those grains. Nye (1979 [DIRS 167377]) concluded that, to a
first approximation at least, diffusion can be considered to occur through two independent
pathways in soil: through moisture between the soil grains and through the grains themselves.
In this picture, the bulk diffusion coefficient, D, is represented by:
D = Dinterjintr + Di,,ra(1 -qiner),

(Eq. 6.6.5.2-1)

where D,,,er is the diffusion coefficient for the intergranular continuum determined by the
moisture films on the surfaces of the grains, Dintra is the diffusion coefficient for the
intragranular continuum determined by the moisture within the grains, and 1i,,c, is the
intergranular porosity of the material.
In this picture, the bulk diffusion coefficient is dominated by the saturation-dependent
intergranular diffusion coefficient above the critical bulk moisture content, while
below this critical value, the intragranular diffusion coefficient dominates.
That is,
Equation 6.6.5.2-1 becomes:
D

Di,,,er .(0)
Zointr

D = Di,,tra(I - Ane.r),1

0 ý(Eq.

6.6.5.2-2)

< Oc,

where Oc is the critical moisture content (percent). In this picture, the intergranular diffusion
coefficient is represented by the bulk diffusion coefficient model in Equation 6.6.5.1-1, divided
by the intergranular porosity:
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Di'le

Dinter = 0"45D

00.,

lO5D
-O
Co_
0

9

(Eq. 6.6.5.2-3)

0 < 0C.

Di,,n,, =Dlim,,,,

is the measurement limit, 10-12 cm 2 s- 1, 0z is the bulk porosity of the invert,
01 = 0i,,,er + (I - 0 ...,e)',,.r, (fraction), and Oc (percent) corresponds to 2.2b in Equation 6.6.5.1-1.

D,,,,

The intragranular diffusion coefficient is determined by the following considerations.
Reimus et al. (2002 [DIRS 163008]) measured diffusion coefficients
samples of tuff. The measured values for the samples ranged
to 2 x 10- 5 cm 2 s- 1 . From these measurements, Reimus et al. (2002
Equation 2.5) developed a correlation between the saturated diffusion
porosity, 0z,,,, and intrinsic permeability, k,,, of the tuff rock matrix:
logl 0 Ds = -3.49 +1.380b

for saturated whole rock
from 1.5 x 10-7 cm2 s[DIRS 163008], p. 2.25,
coefficient, D,,,,, and the

+ 0.165 log,0 k,.

(Eq. 6.6.5.2-4)

The tuff samples were from Pahute Mesa, Nevada, but many of them are similar to tuff rocks at
Yucca Mountain. To evaluate the flow characteristics of the drift invert, matrix porosity and
intrinsic permeability for tuff from two different Topopah Spring welded tuff units, TSw35 and
TSw36, were identified (DTN:
LB0207REVUZPRP.002 [DIRS 159672]; Spreadsheet:
Matrix _Props.xls, Row 20, Column C). These properties are summarized in Table 6.6-4. Using
the correlation in Equation 6.6.5.2-4, the diffusion coefficient for saturated tuff whole rock with
a saturated moisture content of 10.3 percent is 3.69 x 10-7 cm2 s-1, and the diffusion coefficient
for a saturated moisture content of 13.1 percent is 6.73 x 10-7 cm 2 s-1.
Table 6.6-4. Tuff Matrix Properties for TSw35 and TSw36
Parameter
Porosity of the rock matrix in an individual granule,

Intrinsic Permeability, km

m

2

(M )

Saturated diffusion coefficient (from Equation 6.6.5.2-4), D,,s (cm 2 S-1)

TSw36

TSw35

0.103

0.131

2.00 x 10-'9

4.48 x 10-8

3.69 x

6.73 x 10-'

10-7

DTN: LB0208UZDSCPMI.002 [DIRS 161243]; Spreadsheet 'drift-scale calibrated properties for mean
infiltration2.xls," Rows 17-18, Columns B-C.

A laser ablation microprofiling technique has been used to estimate the diffusion characteristics
for an unsaturated whole tuff rock sample (Hu et al. 2001 [DIRS 161623]). Hu et al.
(2001 [DIRS 161623], p. 25) found that, for a measured moisture content of the sample
of 8.9 percent, the internal diffusion coefficients were on the order of 1 0 -12 cm 2 S-I
(Hu et al. 2001 [DIRS 161623], p. 25). This result indicates a very low intragranular diffusion
coefficient for tuff at intragranular saturations below about 80 percent.
The model developed for the intragranular diffusion coefficient considering this information is
the following. For intragranular moisture content, Onfra, below 8.9 percent, a value of
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10-12 cm 2 s-1
(1"•

is used to represent the diffusion coefficient.
te-~"

(intra

=

Oi,,ra)the

For saturated conditions

ifso

intragranular porosity), the diffusion coefficient is set to a value corresponding

to Equation 6.6.5.2-4. For unsaturated grains with moisture content above 8.9 percent, a
power-law extrapolation from the saturated value is used. The overall model proposed for the
intragranular diffusion coefficient is the following power law model:

100..

D

Dintra =D"?s3

intra

J
,

Dinra = Dlii,,intra
1O

0

intra >Orif

(Eq. 6.6.5.2-5)

0.<0.,

where On,,,r,, is the intragranular moisture content (percent),

Li,,r,,

is the intragranular porosity

(fraction), Djm,,,, is the measurement limit, 10-12 cm 2 s-', and mi,,n is equal to 8.9 percent. The
exponentp is the slope of Equation 6.6.5.2-5 in a plot of log 10 (Dj,,r,) versus 1ogj 0(0n,rj). This
plot is a straight line (in log-log space) between points (

-,Dj
1 ,,,
1

and (02,,,r,,D ,D). Thus, pis

(100

given by:

log1 0 (Djij)- logl 0 (D.m)

log10

"s

S100)

(Eq. 6.6.5.2-6)

I-log10 (qonir)

The dual porosity model for the invert diffusion coefficient follows by specifying values
for the intergranular and intragranular diffusion coefficients.
The intergranular
diffusion coefficient is evaluated from Equation 6.6.5.1-5 and dividing by the intergranular
porosity (i.e., Equation 6.6.5.2-3).
The intragranular diffusion coefficient is evaluated
from Equation 6.6.5.2-5.
The effective bulk diffusion coefficient is determined from
Equation 6.6.5.2-2.
6.6.5.3

Summary of Alternative Invert Diffusion Coefficient Conceptual Models

These conceptual models consider alternatives to Archie's law for determining the diffusion
coefficient in the crushed tuff invert. One variation treats the invert as a single continuum, as in
the base model; the second variation models the invert as a dual continuum comprised of two
pore spaces - intragranular pore space (tuff particle matrix) and intergranular pore space.
Despite the potential for increased accuracy compared to the base case single-continuum model
using Archie's law, insufficient data exist to validate diffusion behavior at very low water
contents. In addition, these alternative conceptual models do not provide upper bounds on
diffusion coefficients, as the Archie's law approach does.
Therefore, invert diffusion
coefficients are computed in TSPA-LA using Archie's law.
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6.6.6

Reversible Sorption of Radionuclides onto Waste Package Corrosion Products

Reversible sorption of radionuclides onto stationary waste package corrosion products will occur
to some extent. However, as a bounding approach in TSPA-LA, reversible sorption of
radionuclides onto stationary corrosion products has been eliminated, i.e., Kd values for all
radionuclides are set to zero (see Section 6.3.4.2.3), and only irreversible sorption of Pu and Am
is modeled as occurring on stationary corrosion products. The alternative conceptual model in
this section describes the alternative approach of allowing for reversible sorption onto stationary
corrosion products by using non-zero Kd values.
Descriptions of sorption based on a Kd are approximate because this approach is empirical, with
little information about underlying mechanisms, and is therefore not easily extendable to
different chemical environments and physical substrates (sorptive media). The use of a linear
isotherm is also approximate because it does not predict saturation of the sorption sites with
sorbed species that may include natural components of the groundwater. The mass of iron
oxyhydroxides from waste package corrosion is large (Table 6.3-4), so each waste package
provides many sites for sorption. For these reasons, the Kd approach is an order of magnitude
measure of contaminant uptake in geologic environments (Davis and Kent 1990
[DIRS 143280]).
The use of the linear isotherm (Kd) approach to represent the subsequent release of radionuclides
into fresh recharge (i.e., the desorption process) can be inconsistent with observations in geologic
media. Typically, contaminants become more closely attached to a mineral surface after
sorption, either adsorbed at high energy sites on the surface or absorbed through overcoating and
buried due to other mineral surface reactions. The net result is that only a fraction of the original
sorbed population remains available at the surface and able to react with adjacent solutions or be
accessed by microorganisms. A linear isotherm (Kd) approach, on the other hand, assumes that
all sorbed radionuclides are freely able to desorb from the substrate.
Sorption distribution coefficients are typically measured for groundwaters and substrates at
ambient or near ambient temperatures. There are few experimental data for sorption distribution
coefficients at the elevated temperatures that may occur in the EBS with either the repository
design and operating mode described in Yucca Mountain Science and Engineering Report
(DOE 2001 [DIRS 153849]) or an alternative thermal operating mode. In this situation, the
available data for sorption distribution coefficients were used to define the ranges of Kd values
for the earlier TSPA-LA analyses, but it is not possible to distinguish alternative thermal
operating modes. The effect of temperature on sorption coefficients was reviewed by Meijer
(1990 [DIRS 100780], p. 17). Measured sorption coefficients onto tuffs were higher at elevated
temperature for all elements studied: Am, Ba, Ce, Cs, Eu, Pu, Sr, and U. The conclusion was
drawn that sorption coefficients measured at ambient temperatures should be applicable and
generally bounding when applied to describing aqueous transport from a repository at elevated
temperatures. This conclusion must be tempered by the possibility that elevated temperatures
could result in changes in the near-field mineralogy and water chemistry that are not predictable
by short-term laboratory and field experiments.
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Table 6.6-5 includes ranges and distributions of Kd values from DTN: LA0003AM831341.001
([DIRS 148751], SEP table S00191 002) for 11 radionuclides for sorption onto "iron oxide,"
which is the "Rock type" specified in the reference, for unsaturated zone units. The data in
Table 6.6-5 were developed in the analysis report Unsaturated Zone and Saturated Zone
Transport Properties (UOJO0) (BSC 2001 [DIRS 160828], Section 6.4.2). This document has
been cancelled because some of the output data, specifically, the transport properties of tuff,
have been revised and updated in more recent YMP reports. However, the ranges and
distributions of sorption distribution coefficients on iron oxide have not been revised, and they
demonstrate the properties of interest for the analysis of sorption parameters for the waste
package corrosion products. Corroborating data are available, and the values in Table 6.6-5 are
compared with these data in Table 6.6-7.
Table 6.6-5. Sorption Distribution Coefficient (Kd) Ranges on Iron Oxide in Unsaturated Zone Units; All
Distributions Are Uniform Except as Noted
Element
Ac
Am
C

Minimum Kd (ml g-1 )
1,000
1,000
10

Maximum Kd (ml g- 1)
5,000
5,000
100

CS,

0

300

Np
Pa

500
500

1,000
1,000

Pu

1,000

5,000

Raa
0
500
Srb
0
20
Th
1,000
5,000
U
100
1,000
Source: DTN: LA0003AM831341.001 ([DIRS 1487511 SEP table S00191_002).
NOTES:

E(x) = expected value of the distribution; COV = coefficient of variance = G(x)IE(x); o(x) =
standard deviation of the distribution.

Distribution type: Beta; E(x) = 30; COV = 1.0.
type: Beta; E(x) = 10; COV = 0.25.

bDistribution

In DTN: LA0003AM831341.001 [DIRS 148751], the Kd value for iodine and technetium is
listed as zero for "all rock types" for unsaturated zone units; Kd values for sorption onto "iron
oxide" are not listed. In DTN:
LA0003AM831341.001 ([DIRS 148751] SEP table
S00191_001), the Kd value for iodine in saturated zone units is listed as ranging from 0.32 to
0.63 ml g-1 with a uniform distribution for rock type "alluvium." In the same SEP table, the Kd
value for technetium in saturated zone units is listed as ranging from 0.27 to 0.62 ml g-1 with a
uniform distribution for rock type "alluvium." The data for iodine and technetium in saturated
zone units for rock type "alluvium" are suitable for modeling retardation in corrosion products
because they provide evidence that some small degree of sorption of these elements is possible
onto unspecified mineral assemblages, yet the uncertainty is small because the maximum Kd
values are small.
As discussed previously, the use of a linear isotherm is an empirical, order-of-magnitude
description of mineral surface processes because it is not based on underlying physical or
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chemical mechanisms. In essence, a Kd value is valid only for the specific substrate and
chemical conditions under which it is measured. More defensible models of contaminant uptake
by mineral surfaces require a more comprehensive mechanistic understanding of the chemical
reactions involved (Davis et al. 1998 [DIRS 154436]). In lieu of a more involved mechanistic
treatment based on surface complexation that includes a provision for irreversible sorption, Kd
values can provide a first-order picture of the sorption process, using generic ranges based on
soils and iron oxyhydroxides. The rationale for this approach is described below.
Based on previous TSPA calculations, the pH of waste package fluids (CRWMS M&O 2000
[DIRS 153246], Tables 3.3-7 through 3.3-9) is expected to fall within the range observed in soils
and groundwaters (pH values between 4 and 10). Although the composition of in-package fluids
will vary with time due to degradation of the waste package components (primarily steels,
Zircaloy cladding, SNF, and waste glass), major characteristics (such as alkalinity and system
redox state) will be controlled by equilibrium with atmospheric carbon dioxide and free oxygen.
The primary reactive components in the degraded waste package environment are iron
hydroxides, the same mineral phases that tend to dominate trace element sorption in soils. The
only major element species that will be present in waste package fluids, but that tend to be
scarcer in natural soils and groundwaters, are those containing uranium.
The trace element composition of waste package fluids will differ due to the presence of metal
components and various radiogenic isotopes. On the other hand, the waste package environment
is expected to contain greater volumes of iron hydroxides than all but the most iron-rich soils.
Consequently, sorption calculations using ranges of Kd values measured on iron-containing soils
or iron hydroxides provide a reasonable measure of sorption inside the waste package.
Sorption distribution coefficients often vary by at least an order of magnitude. Each range of Kd
represents the compilation of many experimental measurements with wide variations in sorbant
composition and characteristics, contaminant level, solution composition and temperature, and
method of measurement.
Sorption distribution coefficient values for a linear, reversible isotherm can be interpreted
physically (Stumm 1992 [DIRS 141778], Section 4.12) in terms of retarding the movement of a
contaminant relative to the velocity of the water carrying it. If the average water velocity is F
(m s-1) and the front of the contaminant concentration profile has an average velocity v., the
retardation of the front relative to the bulk mass of water is described by the relation:
Rf = V
=I + aKd,
vc

(Eq. 6.6.6-1)

where Rf is the retardation factor (dimensionless ratio of water velocity to the concentration
front velocity), Pb is the bulk density of the rock (kg m-3) having a porosity 0 (fraction). For
example, a contaminant with a Kd of 1,000 ml g-i will move at one ten-thousandth the rate of the
carrier water for a rock porosity of 20 percent and a rock density of 2,000 kg m-3. A
contaminant with a Kd of I ml gC will move at one-eleventh the velocity of the carrier water, and
a contaminant with a Kd of 0 moves at the velocity of the water, both for the same values of rock
porosity and rock density. These effective transport velocities provide an estimate of the delay
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for first breakthrough of the contaminant; after the sorption sites are completely saturated,
changes in mass flow rate will be delayed only by the water transport time through the system.
The corrosion product assemblage is predicted by the in-package chemistry model reaction path
calculations to be made up primarily of iron oxyhydroxides (e.g., goethite, hematite, ferrihydrite)
and aluminum oxides. Lesser amounts of manganese oxides, metal phosphates and clay minerals
are anticipated. The integrated sorptive properties of the assemblage might therefore be
approximated as being that of iron oxyhydroxides with some aluminum oxides. The latter
possess high specific surface areas and a strong chemical affinity for many radionuclides.
Cesium primarily exchanges onto clay minerals. Strontium and radium tend to exchange onto
clay lattices in soils, although strontium does sorb onto iron oxyhydroxides, particularly above
pH 7. The fact that strontium and radium behave similarly in soils indicates that limited radium
uptake by iron oxyhydroxides can be expected as well. Under oxidizing conditions technetium
and iodide sorb negligibly to most soil components. However, reduction of technetium on solid
surfaces containing reduced elements (e.g., iron metal) can cause strong retardation.
Table 6.6-6 summarizes the observations above by listing the components of soils that tend to
control sorption. Iron oxyhydroxides are an important sorbing component of soils for all
radioelements except iodine and technetium.
Table 6.6-6.

Element
Americium
Cesium

Influences Over Radionuclide Sorption in Soils

Important Solid Phase and Aqueous-Phase Parameters
Influencing Contaminant Sorption*
[Clay Minerals], [Iron/Aluminum Oxide Minerals], pH
[Aluminum/Iron Oxide Minerals], [Ammonium], Cation Exchange Capacity, [Clay Mineral],
[Mica-like Clays], pH, [Potassium]

Iodine
Neptunium
Radium
Technetium
Plutonium
Strontium
Thorium
Uranium

[Dissolved Halides], [Organic Matter], Redox, Volatilization, pH
[Clay Minerals], [Iron/Aluminum Oxide Minerals], pH
BaSO 4 Coprecipitation, [Dissolved Alkaline Earth Elements], Cation Exchange Capacity,
[Clay Minerals], Ionic Strength, [Iron-/Aluminum-Oxide Minerals], [Organic Matter], pH
[Organic Matter], Redox
[Aluminum/Iron Oxide Minerals], [Carbonate, Fluoride, Sulfate, Phosphate], [Clay Mineral],
[Organic Matter], pH, Redox
Cation Exchange Capacity, [Calcium], [Carbonate], pH, [Stable Strontium]
[Aluminum/Iron Oxide Minerals], [Carbonate], [Organic Matter], pH
[Aluminum/Iron-Oxide Minerals], [Carbonate, Fluoride, Sulfate, Phosphate], [Clay Mineral],
[Organic Matter], pH, Redox, [U]

EPA (2004 [DIRS 172215]), Table 5.35.
EPA (1999 [DIRS 170376]), Table 5.20.
*Parameters listed in alphabetical order. Square brackets represent concentration.
Source:

Corrosion product Kd ranges have been compiled by the Electric Power Research Institute
(EPRI) (2000 [DIRS 154149], Table 6-9) from a literature review of iron oxyhydroxide sorption
measurements. Ranges and distributions of Kd values for sorption of radionuclides onto iron
oxide are also evaluated and compiled in DTN: LA0003AM831341.001 ([DIRS 148751] SEP
table S00191 002); these are listed in Table 6.6-5. The U.S. Environmental Protection Agency
(EPA) has compiled Kd values for soils for many of the same radionuclides (EPA 1999
[DIRS 170376]; EPA 2004 [DIRS 172215]).
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The large role of iron and aluminum oxyhydroxides minerals in controlling overall soil Kd values
is explicitly recognized in the EPA documents. For this reason, one would expect EPA soil Kd
values and EPRI iron oxyhydroxides Kd values to be similar and both to provide a reasonable
approximation of retardation in the waste package corrosion products. There are some caveats,
however, the most important one being that Kd values for a given material and radionuclide are
approximate values that can vary widely depending on the specifics of the measurement
(solid/solution ratio, radionuclide level, time allowed for equilibration). General coherence in an
order-of-magnitude sense is the best that can be expected as the Kd approach does a poor job of
reproducing actual transport profiles; see, for example, Bethke and Brady (2000 [DIRS 154437])
and Reardon (1981 [DIRS 154434]).
Table 6.6-7 gives Kd ranges describing retardation in the waste package corrosion products for
the 13 radionuclides that were tracked in the earlier TSPA-LA model, with the minimum Kd and
maximum Kd being the ranges used in this alternative conceptual model. For all but iodine and
technetium, the maximum Kd values are from DTN: LA0003AM831341.001 ([DIRS 148751],
SEP table S00191 002). The maximum Kd value for iodine and technetium is chosen to be
0.6 ml g-', which is the approximate maximum Kd value for iodine and technetium specified for
alluvium in saturated zone units in DTN: LA0003AM831341.001 ([DIRS 148751], SEP table
S00191001).
The minimum Kd values for carbon, cesium, iodine, radium, strontium, and technetium are the
minimum Kd values specified in DTN: LA0003AM831341.001 ([DIRS 148751], SEP table
S00191 002). In order to provide more of a bounding estimate of releases of radionuclides that
have a large impact on dose, the minimum Kd values for actinium, americium, plutonium, and
thorium are reduced by a factor of 10 from the minimum Kd values specified in
DTN: LA0003AM831341.001 ([DIRS 148751] SEP table S00191_002). For the same reason,
the minimum Kd value for protactinium is reduced by a factor of 5 from the minimum Kd value
of 500 ml g-i specified in DTN: LA0003AM831341.001 ([DIRS 148751], SEP table
S0019 1002); this minimum value is corroborated by Evaltation of the Candidate High-Level
Radioactive Waste Repository at Yucca Mountain Using Total System PerformanceAssessment,
Phase 5 (EPRI 2000 [DIRS 154149], Table 6-9).
The minimum Kd value for neptunium is reduced by a factor of 500 from the minimum Kd value
of 500 ml g- specified in DTN: LA0003AM831341.001 ([DIRS 148751], SEP table
S0019 1002); this minimum value is corroborated by Evaltation of the CandidateHigh-Level
Radioactive Waste Repository at Yucca Mountain Using Total System PerformanceAssessment,
Phase 5 (EPRI 2000 [DIRS 154149], Table 6-9) and Review of Geochemistry and Available Kd
Valuesfor Cadmium, Cesium, Chromium, Lead, Phltonium, Radon, Strontium, Thorium, Tritium

( 3H), and Uranium. Volume II of UnderstandingVariation in Partition Coefficient, Kd, Valtes
(EPA 1999 [DIRS 170376], Table 5.17).
Table 6.6-7 also gives distributions for Kd values. For cesium, radium, and strontium, a beta
distribution, as specified in Table 6.6-5 (DTN: LA0003AM831341.001 [DIRS 148751], SEP
table S00191 002), is used in this alternative conceptual model. For carbon, iodine,
protactinium, and technetium, a uniform distribution, as specified in Table 6.6-5
(DTN: LA0003AM831341.001 [DIRS 148751] SEP table S00191_001), is used in this
alternative conceptual model. Whereas a uniform distribution is also specified in Table 6.6-5
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(DTN: LA0003AM831341.001 ([DIRS 148751] SEP table S00191 002) for americium,
neptunium, plutonium, thorium, and uranium, all of which have Kd values that range over more
than an order of magnitude, a log-uniform distribution is used in this alternative conceptual
model. A log-uniform distribution is specified to avoid the high-end bias that results from
sampling from a uniform distribution that has a large range.
Table 6.6-7 also gives corroborating ranges and data source(s) described in recent literature. To
capture the secondary role of iron oxyhydroxides in soil sorption of strontium, radium and
cesium, clay-poor soil Kd values from the EPA compilation are used in the comparison. In all
cases the corroborating Kd ranges overlap the ranges used in this alternative conceptual model.
Moreover, in most cases the alternative conceptual model Kd values tend to be on the low end of
the Kd range considered in aggregate.
Table 6.6-7. Summary of Partition Coefficient (Kd) Ranges and Distributions for Retardation in the Waste
Package Corrosion Products
Minimum
Element
Ac
Am

Maximum

Kd

Kd

(ml g-)
100
100

(ml g-')
5,000
5,000

Distribution
Type
Log-Uniform
Log-Uniform

Corroborating Kd
Range (ml g-1 )
1,000-20,000
1,000->100,000

Corroborating Kd Range Source
EPRI 2000 [DIRS 154149], Table 6-9
EPA 2004 [DIRS 172215],
Section 5.2.5.1;

1,000-20,000

EPRI 2000 [DIRS 154149], Table 6-9

C
Cs

10
0

100
300

Uniform
Beta
E(x)=30

0-100
10-3,500

EPRI 2000 DIRS 154149], Table 6-9
EPA 1999 [DIRS 170376],
Table D.10 (low clay soils);

&x)=30
1

0

Uniform

1-200
0-1

EPRI 2000 [DIRS 154149], Table 6-9
EPRI 2000 [DIRS 154149], Table 6-9

Np

1

0.6
1,000

Log-Uniform

0.16-929

EPA 2004 [DIRS 172215],
Section 5.6.5.4;
EPRI 2000 [DIRS 154149], Table 6-9
(reduced by factor of 100 for U site

10-1,000
(0.1-1,000)

saturation)

Pa
Pu

100
100

1,000
5,000

Ra

0

500

Sr

0

20

Uniform
Log-Uniform
Beta
E(x)=30
o(x)=30
Beta

100-10,000
60-15,000

EPRI 2000 [DIRS 154149], Table 6-9
EPA 1999 [DIRS 170376], p. G-4

1,000-20,000
1-120
50-1,000
1-120

EPRI 2000 [DIRS 154149], Table 6-9
EPA 2004 [DIRS 172215]
(Section 5.7.5.1: use Sr values)
EPRI 2000 [DIRS 154149], Table 6-9
EPA 1999 [DIRS 170376], Table 5.13

E(x)=10

Tc
Th

0
100

0.6
5,000

o(x)=2.5
Uniform
Log-Uniform

10-100
0-1,000
20-300,000

EPRI 2000 [DIRS 154149], Table 6-9
EPRI 2000 [DIRS 154149], Table 6-9
EPA 1999 (DIRS 170376], Table 5.15

U

100

1,000

Log-Uniform

1,000-20,000
0-630,000

EPRI 2000 [DIRS 154149], Table 6-9
EPA 1999 [DIRS 170376], Table 5.17

50-10,000

EPRI 2000 [DIRS 154149], Table 6-9

EPA = Environmental Protection Agency
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This alternative conceptual model is not used as the base model in TSPA-LA for several reasons.
First, it does not account for limitations on the number of sites available for sorption. Second, it
does not account for competition for sorption sites among the radionuclides that can sorb. Third,
it does not account for competition for sorption sites with radionuclides such as Pu and Am that
sorb irreversibly, which thereby reduce the number of sites available for reversible sorption.
6.6.7

Pu Sorption onto Stationary Corrosion Products and Colloids

As described in Section 6.3.4.2.3.2, the base case TSPA model accounts for limited Pu
desorption from iron oxyhydroxides by incorporating an irreversibly sorbed component. This is
based on available field and laboratory data, which suggest that Pu strongly sorbs onto iron
oxyhydroxide substrates and does not desorb over time periods ranging from months
(experimental studies), to approximately 50 years (field studies of Pu transport at
contaminated sites).
Iron oxides and hydroxides are a primary sorptive sink for many metal ions and metal oxyion
complexes in natural systems. Desorption studies have been done with ferrihydrite and goethite
using Mn(II), Co(II), Ni(II), Cu(II), Pb(II), Zn(II), Cd(II), Cr(III), and the metal complexes
arsenate, chromate, selenate, selenite, and uranyl; Pu(IV) and Pu(V) have also bee examined
(Barney 1984 [DIRS 174702]; Schultz et al. 1987 [DIRS 173028]; Ainsworth et al. (1994
[DIRS 173033]); Payne et al., 1994 [DIRS 174707]; Coughlin and Stone 1995 [DIRS 173030];
Manning and Burau 1995 [DIRS 174725]; Davis and Upadhyaya 1996 [DIRS 173743]); Eick
et al. 1999 [DIRS 174704]; Fendorf et al. 1996 [DIRS 173034]; Fendorf et al. 1997
[DIRS 173031]; Ford et al. 1997 [DIRS 174727]; Grossl et al. 1997 [DIRS 173032]; Sanchez
et al. 1985 [DIRS 107213]; Lu et al. 1998 [DIRS 100946]; Lu et al 1998 [DIRS 174714]).
Adsorption of these metal species onto iron oxyhydroxides is initially very rapid, reaching a
steady-state concentration within minutes to hours; however, slow uptake commonly continues
indefinitely. Desorption is also initially rapid, though generally slower than adsorption. It is
often incomplete, with the fraction of readily desorbed metal a function of the metal/oxide
contact (pre-equilibration) time, the time allowed for desorption, and, in some cases, the
pre-equilibration pH (Schultz et al. 1987 [DIRS 173028]). Continued slow desorption is
commonly observed for the duration of the experiment. For this reason, Schultz et al. (1987
[DIRS 173028]) have stated that the term "slowly reversible sorption" should be preferred over
"irreversible sorption" when discussing metals that remain bound to the sorbent during
desorption re-equilibration. In many cases, though, a fraction of the metal does appear to be
irreversibly sequestered by the iron oxyhydroxide. As a result, there is a decrease in the labile,
or readily available, fraction of metal ions in the system and a drop in the net metal toxicity. As
the sorptive capacity of iron oxides is high, the development of an "irreversibly sorbed" metal
fraction has been suggested to be an efficient mechanism for sequestering inorganic
contaminants in natural environments (Brady et al. 1999 [DIRS 154421]).
However, the National Research Council (NRC) has taken the position that the assumption of
irreversible sorption is tenuous, because there has been no agreement to date on the
mechanism(s) responsible for permanent sequestration. The NRC published a report (NRC 2000
[DIRS 174394]) that stated that irreversible sorption models should not be applied to quantitative
models of environmental contamination that aid decision-making on performance or exposure.
With regard to the report on contaminant attenuation of Brady et al. (1999 [DIRS 154421]), the
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NRC report states (NRC 2000 [DIRS 174394], p. 224): "irreversible sorption.. .is not understood
for either organic or inorganic contaminants; much more scientific research is needed before this
process can be quantified.". In addition, the NRC report judged the likelihood of success of
long-term Pu immobilization as low, at the current level of knowledge (NRC 2000
[DIRS 174394], p. 9).
Many mechanisms have been proposed for slowly reversible sorption; most would result in the
observed continued slow uptake of metal from solution as well. Possible mechanisms include:
" Incorporation of metal ions into the FeOOH structure by isomorphic substitution. This
mechanism has been suggested to occur during recrystallization of ferrihydrite as
goethite, but may also be effective during growth or coarsening (Ostwald ripening) of
goethite in suspension. Irreversible adsorption of divalent metal ions, of similar size to
Fe+3, has been attributed to this process (Schultz et al. (1987 [DIRS 173028]); Ainsworth
et al. 1994 [DIRS 173033]; Ford et al. 1997 [DIRS 174727]; Coughlin and Stone 1995
[DIRS 173030]). Watson (1996 [DIRS 173035]) has shown that entrapment of adsorbed
contaminant ions by crystal growth permanently sequesters such ions from the
environment, as solid-state diffusion of ions out of mineral structures is too slow at nearsurface temperatures to allow for re-equilibration.
A related mechanism, potentially important during recrystallization of ferrihydrite as
goethite, is overgrowth and encapsulation of sorbed or precipitated phases during goethite
formation and growth.
" Formation of slowly dissolving metal hydroxide surface precipitates (Fendorf et al. 1996
[DIRS 173034]). However, such precipitates are unlikely to form at concentrations much
lower than the solubility of the contaminant.
*

Sorption of ions onto high-energy sites on the FeOOH surface. If such sites are
numerous relative to the concentration of the sorbent, then with time, an increasing
number of sorbent ions will become bound in the more stable high-energy sites relative to
the lower energy sites, and the proportion of slowly reversible or irreversibly bound metal
will increase. This is consistent with virtually all proposed surface complexation models
for iron oxyhydroxide, which advocate the presence of a fraction of high-energy sites,
and is the basis for the irreversible sorption model implemented in this document (see
Section 6.5.3.4 and Appendix B).

" A time-dependent change in the metal-surface site stoichiometry, resulting in a higher
energy bond.
Fendorf et al. (1997 [DIRS 173031]) and Grossl et al. (1997
[DIRS 173032]) demonstrated that arsenate and chromate initially formed monodentate
surface complexes on goethite, but with time these transformed into more stable bidentate
complexes, resulting in progressively larger fractions of slowly desorbing adsorbate.
Adsorption of ions to the FeOOH surface in two or more distinct stoichiometries will
yield a progressive increase in the amount of adsorbed metal, and an increase in the
fraction of slowly desorbing metal, if the formation rate constant for the more stable
surface complex is considerably slower than that of the less stable complex. The degree
of adsorption would level out with time, as secular equilibrium is reached.
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"

Creation of and adsorption to sites higher in binding energy than those initially available,
e.g., changes in the surface properties of the substrate with aging. Such changes occur
during the transformation of ferrihydrite to goethite. However, Schultz et al. (1987
[DIRS 173028]) performed experiments with Ni, Zn, and Cr and showed that the relative
proportion of quickly and slowly desorbed adsorbate did not vary with the age of the
ferrihydrite used (goethite progressively ingrows as the material ages), indicating that
goethite and ferrihydrite do not "irreversibly adsorb" differing amounts of adsorbate.
(This is consistent with the irreversible sorption model implemented in this document
[Section 6.5.3.4]; there are fewer sites per unit surface area on HFO relative to goethite,
but HFO has a higher surface area. The net number of high energy sites is nearly the
same on both materials.)

" Slow diffusion of ions into and out of the crystal structure. Coughlin and Stone (1995
[DIRS 173030]) have suggested that divalent metal ions first adsorb onto the mineral
surface, and then slowly diffuse into internal binding sites; hence, the slow continued
uptake of metals by iron oxyhydroxides. The slow desorption would presumably be the
result of diffusion out of the internal sites. However, as stated earlier, solid-state
diffusion rates are too slow under natural conditions for this mechanism to be effective
(Watson, 1996 [DIRS 173035]).
*

Slow diffusion of ions into and out micropores and microfractures on the mineral surface,
or into and out of mineral aggregates (e.g., ferrihydrite floe). Ainsworth et al. (1994
[DIRS 173033)]) suggest that the observed variations in metal ion behavior indicate that
this mechanism is not an important cause of slowly reversible or irreversible adsorption.
The degree to which a metal ion is irreversibly adsorbed is dependent upon its
coordination chemistry (Coughlin and Stone, 1995 [DIRS 173030]); if diffusion into
micropores were the causal mechanism, then all metal ions should be similarly affected.

* For Pu, a special mechanism has been proposed (Keeney-Kennicutt and Morse 1985
[DIRS 106313]); Sanchez et al. 1985 [DIRS 107213]; Morse and Choppin 1986
[DIRS 174703]; Runde et al. 2002 [DIRS 168432]; Powell et al. 2005 [DIRS 174726]).
Pu(V) reduces to a more stable Pu (IV) on the goethite surface, which is both stabilized in
the reduced oxidation state and more strongly sorbed, and thus, less sensitive to changes
in solution chemistry such as pH or ionic strength. For instance, the Pu(V) sorption edge
occurs in the pH range 5 to 7, while the Pu(IV) sorption edge occurs at pH 3 to 5. The
mechanisms for Pu(V) reduction to Pu(IV) during sorption are not known, and Sanchez
et al. (1985 [DIRS 107213]) hypothesized that it could either happen upon adsorption
onto the surface or in the adsorbed layer near solid-solution interface. Sanchez et al.
(1985 [DIRS 107213]) suggested a few possible causes for Pu(V) reduction, including
reducing impurities in the sorbent material or, as proposed earlier by Keeney-Kennicutt
and Morse (1985 [DIRS 106313]) a heterogeneous Pu(V) disproportionation reaction to
produce Pu(IV) and Pu(VI). Sanchez et al. confirmed the presence of Pu(IV) in the solid
and solution through solvent extraction and also noticed that Pu(V) was stable in solution
whereas Pu(IV) was stable on the goethite solid. Runde et al. (2002 [DIRS 168432])
offer supporting data; they evaluated redox thermodynamic data for Pu and concluded
that Pu(IV) solids are likely to control Pu solubilities under water chemistries typical of
natural environments.
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The degree to which these processes permanently sequester the contaminant varies.
Incorporation into the iron oxyhydroxide crystal structure or sequestration by overgrowth is
effectively permanent, as release is limited by dissolution of the iron oxide. Release from
surface precipitates is limited to the solubility of the precipitated species. Migration into higher
affinity sites, or changes in the stoichiometry of the sorbed phase, raises the Kd and stabilizes the
sorbed species with respect to changes in water chemistry. Even reversible sorption effectively
immobilizes a contaminant, if sufficient iron oxyhydroxide is present, the Kd is large enough,
and the water chemistry is restricted to the range at which sorption is high. Because many metals
and metal-oxyanions sorb so strongly to Fe-oxyhydroxides at near-neutral pH, desorption
experiments commonly require either adjusting the pH to values too low to represent natural
conditions or adding chelating agents which would not be present in natural environments.
Because the mechanism by which Pu and Am are fixed on Fe-oxyhydroxide surfaces is not well
known, it is difficult to evaluate the degree to which sorption is truly irreversible, and the
sensitivity of that assumption to changes in chemical conditions. Therefore, alternative
conceptual models to irreversible sorption are considered here. To determine the appropriate
form for that ACM, we evaluate project data for sorption of Pu onto goethite and hematite from
DTN: LA0004NL831352.001 [DIRS 150272]; development of this data is described by Lu et al.
(1998 [DIRS 100946]) and Lu et al (1998 [DIRS 174714]). The same data is used to determine
the fraction of irreversibly sorbed Pu in Section 6.5.3.4. These data also offer insights into the
appropriateness of a reversible versus an irreversible sorption model.
6.6.7.1

Yucca Mountain Project Experimental Sorption-Desorption Data for Pu

The Yucca Mountain Project has performed sorption and desorption experiments with Pu(V) in
natural and synthetic J-13 waters, using hematite and goethite colloids. The experimental
procedures used in these experiments are documented by Lu et al. (1998 [DIRS 100946]);
however, the sorption data presented there contains errors; the actual sorption data used is from
DTN: LA0004NL831352.001 [DIRS 150272], and is described by Lu et al. (1998
[DIRS 174714]). The desorption data from Lu et al. (1998 [DIRS 100946]) is used, however, as
there is no project DTN containing this information.
In this model report, corrosion products are assumed to be a mixture of goethite and HFO, and in
this alternative conceptual model, Kds derived from goethite experiments are used as the basis
for a model involving reversible sorption. The hematite data are presented for comparison.
Sorption experiments-The sorption experiments are described by Lu et al. (1998
[DIRS 100946], pp. 10-12; Sorption #2 experiments). They were performed at room temperature
using air-equilibrated natural and synthetic J-13 waters, with pH values of 8.2 and 8.5,
respectively. In these experiments, I mL of 2.74 x 10-7 M 239pu solution was added to 20 mL of
colloid solution containing approximately 1 g L-1 colloids (Lu et al 1998 [DIRS 174714],
Table 1), resulting in a sample containing 0.02 g (nominal) colloid in 21 mL of 1.3 x 10-8 M
Pu(V) solution. Samples were collected over a period of 5760 minutes (4 days). The remaining
Pu in solution was determined by liquid scintillation counting (LSC), a standard analytical
technique for measuring radiation from (x- and O3-emitting radionuclides by detecting small
flashes of light emitted by radionuclides placed in an organic solution. The results of these
experiments are presented in Table 6.6-8. For both hematite and goethite, in both natural and
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synthetic J-13 water, sorption is initially very rapid, reaching a high value within minutes to
hours; however, slow uptake continues until the end of the experiment. Behavior is slightly
different in natural and synthetic water, but in three of the four cases examined, sorption
exceeded 99 percent, resulting in Kd values of 105 to 106 (DTN: LA0004NL831352.001
[DIRS 150272]). In the fourth case, goethite in natural J-13 water, sorption continued to increase
through the experiment, but had only reached 90% after 4 days; the final Kd value was
about 8.7 x 103 mL g-1 (DTN: LA0004NL831352.001 [DIRS 150272]).
In each of these cases, the measured Kd value is considered to be a minimum value. Either
concentrations in solution decreased below the detection limit, or concentrations were continuing
to drop when the experiment was terminated.
Table 6.6-8. Sorption of Pu(V) onto Hematite and Goethite Colloids

Minerals

Hematite

Goethitex

Time (min.)

Fraction of Pu Sorbed
J-13
SYN.J-13

Kd (mL

J-13

g")
SYN.J-13

10

0.539

0.933

1.20 x 103

1.67

30

0.565

0.966

1.32 x 103

3.39 x 104

60

0.594

0.957

1.51

x 103

2.78 x 104

240
360

0.674
0.740

0.996
0.998

2.22 x 103
3.03 x 103

3.66 x 105
5.91 x 105

1440

0.907

0.999

9.98 x 103

2.08 x 106

2880

0.948

1.000

1.87 x 104

NC

5760

0.994

0.999

10

0.303

0.831

1.96 x 105
3.97 x 102

NC
5.06 x 103

30

0.328

0.831

4.40 x 102

4.98 x 103

60

0.360

0.837

5.18 x 102

5.36 x 103

3

1.03 x 104

240

0.515

0.911

1.01 x 10

360
1440

0.595
0.793

0.932
0.987

1.39 x 103
3.45 x 103

0.869

0.997

6.00 x 10

3

0.902

0.991

8.72 x 103

2880

5760

x 104

1.40 x
7.65 x

0

104
104

7.63 x 10'

1.39 x 105

Source: LA0004NL831352.001 [DIRS 150272].

Desorption experiments-Procedures for the Pu desorption experiments are described by
Lu et al. (1998 [DIRS 100946]). Substrate for the desorption experiments was produced by
equilibrating 0.5 g of colloids with 20 ml of J-13 or synthetic J-13 water, with a Pu(V)
concentration of 2.74 x 10-7 M. Following equilibration, the samples were centrifuged, and the
colloids resuspended in 5 ml of unspiked electrolyte. Periodically over a period of 150 days,
these samples were centrifuged and the electrolyte extracted and replaced with fresh solution.
The extracted liquid was filtered and analyzed by LSC. The results of this analysis are listed in
Table 6.6-9, as presented by Lu et al. (1998 [DIRS 100946], Tables 10 and 11), and are plotted
in Figure 6.6-7. Lu et al. (1998 [DIRS 100946]; 1998 [DIRS 174714]) and Runde et al. (2002
[DIRS 168432]) interpreted the small amounts of desorbed Pu to indicate that kinetics of Pu
desorption from Fe-oxides/oxyhydroxides are much slower than the kinetics of sorption, a
conclusion at odds with the calculated "desorption Kd values," which are smaller than those for
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sorption, and decrease with time. The change in "desorption Kd values" would imply that the
affinity of Pu for the surface of the substrate actually decreases with time. However, these data
have been misinterpreted, and the calculated "desorption Kd values" are incorrect.
Lu et al. (1998 [DIRS 100946]) misinterpreted the data in assuming that low concentrations of
Pu in the desorption experiments do not necessarily imply slow desorption. Sorption-desorption
is a steady-state phenomenon. When the goethite and hematite colloids were equilibrated with
Pu-spiked groundwater, 97 percent to 100 percent of the Pu was adsorbed. Hence, Kd values
were high. Extracting the nearly radionuclide-depleted water and replacing it with unspiked
water provided no significant driving force for desorption. Even if the Pu were instantly
exchangeable, concentrations in the solution would remain low because of the high Kd value;
anything that desorbed would immediately re-sorb. Thus, the low degree of desorption may only
indicate a high Kd value. In addition, because desorption was viewed as an irreversible process,
the cumulative percentage of Pu sorbed was used to calculate the "desorption Kd value." Hence,
the "desorption Kd value" was observed to decrease with time. To evaluate the desorption data
properly, each successive equilibration and extraction must be viewed as a separate desorption
experiment, in which the total amount of Pu in the system is nearly constant (a total of less
than 1 percent of the Pu was extracted in the worst case), and the applicable Kd value can be
calculated from the Pu concentrations in solution and on the solid.
The results of this new analysis are presented in Table 6.6-10 and in Figure 6.6-8. For hematite,
sorption is so complete that the tiny amount of Pu in solution represents values near the detection
limit for the analysis. There is no significant trend with time, and predicted Kd values are
consistent with, or higher than, those measured in the sorption experiments (Table 6.6-8), on the
scale of 105 to 106 ml g-1. Sorption was less complete on goethite, but Kd values continued to
increase with time; the final few extractions yielded Kd values of 104 to 105 ml g-'.
In this alternative conceptual model, it is assumed that sorption is completely reversible, and that
a single Kd value will be applicable at any given pH. Given the time scales for the repository, the
longer-term Kd values derived from these 150-day experiments, rather than the values derived
from the 4-day sorption experiments, are more applicable.
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Source: DTN: SN0508T0507703.020, spreadsheet Pu sorption-desorption.xls,worksheet "Desorp data."
NOTE:
The cumulative Pu desorbed was measured by successive extractions with J-13 or synthetic J-13 water.
Figure 6.6-7. Desorption of Pu from Hematite (a) and Goethite (b)
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Table 6.6-9.

Lu Data for Desorption of Pu(V) from Hematite and Goethite Colloids

Minerals

Hematite

Goethite

Time
(days)
2

Cumulative % of Pu
desorbed
J-13
SYN.J-13
0.0002
0.005

1
Desorption Kd (mL g )
J-13
SYN.J-13
2.88 x 106
1.33 x 105

15

0.006

0.0002

1.12 x 10'

2.88 x 106

50

0.011

86

0.011

0.0002
0.0002

6.61 x 104
6.61 x 104

2.88 x 106
2.88 x 106

107

0.012

0.0009

5.96 x 104

7.83 x 105

128

0.015

0.0010

4.83 x 104

7.53 x 105

150

0.018

0.0020

4.33 x 104

4.95 x 105

2

0.14

5.18 x 104
2.08 x 103

8.12 x 10'
3
6.11 x 10

15

0.34

0.09
0.11

50
86

0.57

0.20

1.24 x 10'

3.32 x 103

0.67

0.22

1.04 x 103

3.09 x 103

107

0.74

0.24

9.49 x 102

2.81 x 103

128

0.80

0.26

8.87 x 102

2.67 x

103

150

0.86

0.27

8.41 x 102

2.60 x

103

Source: Lu et al. 1998 [DIRS 100946], Tables 10 and 11.
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Source: DTN: SN0508T0507703.020, spreadsheet Pu sorption-desorption.xls,worksheet "Desorp data,
reinterpreted."
NOTE:

Desorption data for hematite are near detection limits for the method, and are scattered. Data for goethite
show an overall decrease in the amount in solution with time.

Figure 6.6-8. Reinterpretation of Lu et al. (1998 [DIRS 100946]) Desorption Data for (a) Hematite and
(b) Goethite
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Table 6.6-10.

Lu Data for Desorption of Pu(V) from Hematite and Goethite Colloids
Time
(days)
2

Minerals

Hematite

Goethite

% of Pu In a ueous phase
J-13
SYN.J-13
0.005
0.0002

Desorption Kd (mL g 1 )
J-13
SYN.J-13
2.0E+05
5.0E+06
1.0E+06
2.0E+05

15
50
86

0.001
0.005
0.000

0.0000
0.0000
0.0000

107
128

0.001
0.003

0.0007
0.0001

1.0E+06
3.3E+05

1.42+06
1.0E+07

150

0.003

0.0010

3.3E+05

1.0E+06

2
15
50
86

0.14
0.20
0.23
0.10

0.09
0.02
0.09
0.02

7.1 E+03
5.OE+03
4.3E+03
9.9E+03

1.1 E+04
5.0E+04
1.1E+04
5.OE+04

107

0.07

0.02

1.4E+04

5.0E+04

128
150

0.06
0.06

0.02
0.01

1.7E+04
1.7E+04

5.0E+04
I.OE+05

Source: DTN: SN0508T0507703.020, spreadsheet Pu sorption-desorption.xls,worksheet

"Desorp data, reinterpreted."

The sorption and desorption data presented here provide information on the relative applicability
of the irreversible or reversible sorption model. For a single site, reversible sorption model, the
relative rate of Pu transfer to and from the mineral surface is a first-order function of the solution
concentration and the concentration on the solid, and hence, the concentration in solution can be
fitted as a decaying exponential with time. Two aspects of the data are inconsistent with this.
First, there is in all cases a nearly instantaneous decrease in the amount in solution (in the first 10
minutes), in which 30-93 percent of the Pu is sorbed. Then there is a sharp inflection in the
sorption curve, and more gradual uptake occurs. This is inconsistent with modeling Pu sorption
as first-order with respect to solution concentration, and zero-order with respect to time, as a Kd
model indicates.
The long term increase in the proportion of Pu adsorbed in the goethite "desorption" experiments
is also inconsistent with the single site Kd model, which would predict equilibrium, based on the
rapid short term sorption data, in much shorter time intervals. However, the desorption data
cannot be uniquely interpreted. Each point represents the concentration in solution after 20 to 30
days of re-equilibration; however, it is not clear whether, during that particular extraction step,
the concentration was still increasing, or decreasing, when the sample was taken. In the first
case, release from the surface would be very slow, and equilibration with the solution would not
have been accomplished. The progressively lower solution concentrations in each extraction
would indicate progressively slower equilibration rates, and, presumably conversion of a larger
fraction of sorbed Pu to a more stable form. In the second case, equilibration with Pu on the
surface would occur very rapidly in each extraction, with the fast, readily exchanging sites
largely controlling the solution concentration. The concentration would rapidly rise to
approximately the same value as at the end of the previous extraction. The decrease in the
equilibrium concentration with time would then indicate Pu transfer from the fast sites to a more
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stabilized form. In this case, the factor of 3-5 drop in concentration over the course of the
sampling would indicate that the amount of Pu in the readily exchangeable site dropped by that
factor. However, regardless of whether the sampled concentration represents a point on the "up"
or the "down" part of the desorption curve, the measured value gets progressively smaller with
time, and the rate at which this change occurs indicates that the Pu is somehow being converted
to a more stable form on the surface of the mineral.
Thus, both the sorption and desorption data suggest that two reactions or processes are occurring,
leading to rapid uptake followed by slower stabilization of Pu on the mineral surface, although
no information on the form, or the resistance to remobilization, of the "stabilized" Pu is
available. If we assume that sorption is occurring onto two sites on the mineral surface
(consistent with the two-site model for irreversible sorption implemented in the EBS RT
Abstraction), then this would imply some kinetic inhibition of sorption onto the higher affinity
site. Eventually, however, most of the Pu would transfer to the high affinity site.
Painter et al. (2002 [DIRS 174071]) fitted the LANL sorption data for Pu using a two-site
sorption model. Their model is a Kd model-forward and backward rate coefficients for sorption
onto both sites are derived by fitting the experimental data, and the rate of mass transfer to and
from the surface is only a function of the concentrations in solution and on the solid. The Kd
value for each of the two sites can be calculated from the forward and backward rate coefficients.
Therefore, the Painter et al. (2002 [DIRS 174071]) approach can be used to fit the goethite
sorption data from DTN: LA0004NL831352.001 [DIRS 150272], and the forward and backward
rate constants for the fast and slow sorbing sites determined. These can be used to estimate the
long-term equilibrium Kd value for Pu sorption onto goethite.
The model assumes that there are two sorption sites available on the solid, and that the total
amount of Pu is small relative to the number of sites-that is, sorption is not site-limited. It is
assumed that one site is a "fast" site, a lower affinity site that reaches equilibrium with the
solution quickly and controls sorption in the short term. The other site is a "slow" site, a higher
affinity site that only gradually reaches equilibrium with the solution. Different forward and
backward rate constants are associated with mass transfer to and from the two sorption sites, and
the rate constants are related by the Kd value that applies to each site. For the fast site:
kf = krKcCc

(Eq. 6.6.7-1)

where kf (hr-) is the forward rate constant for the fast site, kr (hF') the reverse rate constant for
the fast site, K, (L g-1), the partitioning coefficient for the fast site, and C, (g L-), the substrate
load in solution.
For the slow site:
a =/3K'Cc

(Eq. 6.6.7-2)

where a (hr-) is the forward rate constant for the slow site, fl (hr-) the reverse rate constant for
the slow site, K" (L g-1) the partitioning coefficient for the slow site, and Cc (g L'-), is, again, the
substrate load in solution.
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The analytical solution describing the concentration in solution over time is as follows Painter et
al. (2002 [DIRS 174071], Equation 7):

X(t) = f(t) + flF(t)

(Eq. 6.6.7-3)

where
Ida_,,,,,+ le,.

-

2b

2

f 2t

F(t)

,+ 1(k

-a

2(b-a12)
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2
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,(b
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b-a

[0(k-21r

]

1 [
b+al2

b+a12)}

and
a=-k +kr+a+13

b_-kra-kr/3-kf
1,
4
Note that the definition of b2 given by Painter et al. (2002 [DIRS 174071]) is missing the final
term; it has been corrected here. To solve the analytical solution, Painter et al. (2002 [DIRS
174071]) first make a simplifying assumption, that the fast sites have reached steady state once
the sorption curves level out, and that the slow increase beyond that point is due to uptake by the
slow sites. This allows the complex analytical solution (Equation 6.6.7-3) to be reduced to a
simpler form (Painter et al. (2002 [DIRS 174071], equation 10) for the fraction of Pu adsorbed
(0), which only depends on two parameters, a and K,:
¢=_K__

at

al C,)
+=
KC,
01+
KCý + (I + Ký

(Eq. 6.6.7-4)

In the Painter et al. (2002 [DIRS 174071]) approach, the last few data points in the sorption
dataset are fitted using Equation 6.6.7-4 to estimate values for at and K,. This was done using
the EXCEL Solver add-in to optimize the fit to the data (see DTN: SN0508T0507703.020
spreadsheet Pit sorption-desorption.xls,worksheet "2-site fit"). Then, the full analytical solution
is fit, using the estimates for a and K, from the longer-term data, and optimizing the fit on kr and
fl, while holding kf = krKCC, and constraining a > 13, and all forward and backward rate
constants greater than or equal to 0.
Once this has been done, K, represents the short-term Kd, and K"., representing the slow site
partitioning coefficient, can be calculated using:

K'flCa
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The long-term Kd value for Pu sorption onto the substrate of interest is equal to the sum of K, and
KC.. For the cases examined here, K,. is much larger than K•, and dominates the sorption
behavior at long time intervals.
The Painter et al. (2002 [DIRS 174071]) method was used to evaluate the project data for Pu
sorption onto goethite and hematite in DTN: LA0004NL831352.001 [DIRS 150272]. The
results are presented in Figure 6.6-9 and Table 6.6-11. The fits are poor, especially for the shortterm data. They are also highly sensitive to the number of data points used in the first step, in
which the longer-term data are fitted to determine cr and K,. The sorption data only extend out to
100 hours, and the few long-term points are insufficient to accurately constrain the values for ar
and K,.
Because the long-term data are insufficient to constrain any of the fitting parameters, the Painter
et al. (2002 [DIRS 174071]) method was applied a second time, using only Equation 6.6.7-3, and
finding the best fit by adjusting all four rate parameters at once, subject only to the constraints
that all rates are positive, and that forward rates must be larger than reverse rates (Table 6.6-12
and Figure 6.6-10). The data fits are much better using this method. There is considerable
variability in the data, with hematite sorbing more rapidly and more completely that goethite, and
both minerals sorbing more completely in the synthetic water relative to the natural J-13 water.
The calculated K, and K" values show these variations. The (K, +K,) values for goethite
are 1.1 X 104 and 1.3 x 105 mL g-', for J-13 and synthetic J-13, respectively. These are
consistent with the Kd values determined from the desorption experiments, of 1.7 x 104
and 1.0 x 105 mL g-1, respectively (Table 6.6-10).
The reason for the variability in sorption Kd values between the J-13 and synthetic J-13 water is
not known. Synthetic J-13 water was made by dissolving sodium carbonate and sodium
bicarbonate in deionized water, and had a pH of 8.5, an ionic strength of 0.005 M, and an
alkalinity of 22.5 meq L-1. The natural J-13 water had a pH of 8.2, an ionic strength of 0.005 M,
and an alkalinity of 22.5 meq L", but also contained many other components, most notably 13
ppm Ca and 30 ppm silica. These differences in chemistry may account for the differences in Pu
sorption, and offer some indication of the sensitivity of sorption to water composition.
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Figure 6.6-9. Two-Site Model of Painter et al. (2002 [DIRS 174071]), Fitted to Pu Sorption Data for
Hematite and Goethite Using Two-Step Fitting Process of Painter et al.
Table 6.6-11.

Mineral

Hematite

Goethite
________

Fitting Pu Sorption Data of Lu et al. (1998 [DIRS 174714]) with the Two-Site Model of
Painter et al. (2002 [DIRS 1740711); Two Steps

kr

We
K
(mUg)

Water

Cc
(g cL"1)

k rk
(hr-1 )

(hr 1 )

a
(hr 1 )

(hr-4)

(mUg)

J-13

0.99

2.08

0.272

0.0871

0.0

7.69 x 103

Syn. J-13

0.85

J-13

1.11

18.0
0.313

0.515
0.0900

0.508
0.0279

0.0
0.0

Syn. J-13

0.98

11.9

0.847

0.335

0.0

cK

9.48 x

104

4.12 x 10
3.12 x 10'

4.02 x

104

1.43 x 104

_

4

o

Source: DTN: SN0508T0507703.020, spreadsheet Pu sorption-desorption.xls,worksheet "2-site fit, best fit 2 par."
NOTE:

Values of C, are corrected from Lu et al. (1998 [DIRS 174714], Table 1) by multiplying by a factor of
20/21 to account for dilution when Pu-spiked water was added.
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Figure 6.6-10.

Two-site model of Painter et al. (2002 [DIRS 174071]), applied to Pu sorption data for
hematite and goethite, and fitted in a single step

Table 6.6-12.

Fitting Pu Sorption Data of Lu et al. (1998 [DIRS 174714]) Using the Two-Site Model of
Painter et al. (2002 [DIRS 174071]), One Step

Wt r
MineralMl n r Water

(g cck
L-')

( h r"C
)

(h r -1)

(h ar -1)

J-13
Hematite4 Syn.
J-13

0.99
0.85

10.4
15.7

8.41
1.62

0.186
6.43

(h r -1)
5.28 x 10-'
0.0
1.95 x 10.2

K
(m L g "l)
1.25 x 103
1.14 x 104
8.97 x 102

K
(m L g -"
)
3.43 x

104

00

1.10 x 104
0.136
1.14
5.64
1.11
J-13
Goethite
Syn. J-13
0.98
71.0
16.1
0.954
6.93 x 10- 3 4.49 x 103
1.36 x 105
Source: DTN: SN0508T0507703.020, spreadsheet Pu sorption-desorption.x/s,worksheet "2-site fit, best
fit 4 par."
_

NOTE:

Values of C, are corrected from Lu et al. (1998 [DIRS 174714], Table 1) by multiplying by a factor of
20/21 to account for dilution when Pu-spiked water was added.
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The two site model fits the data very well. Given the small number of data points, this does not
prove that a two-site model is correct; however, it does indicate that a model able to capture the
complexities of multiple, heterogeneous processes at the mineral-solution interface is necessary
to describe the behavior of Pu sorption onto goethite and hematite. The data do not show the
smoothly decaying exponential curve that sorption onto a single site would produce; instead,
there appear to be at least two processes involved-rapid sorption followed by slow conversion
into a less exchangeable form. In the case of the two-site model, this would be transfer into the
higher-affinity site, but other processes, such as the Pu(V) reduction step described earlier, would
yield the same results. These results, based on analysis of the sorption data, are entirely
consistent with the experimental desorption results discussed earlier.
Another method of evaluating the sorption rate data, and useful for checking against the model
described above, is through use of the 'Elovich' rate formulation (Low 1960 [DIRS 174812])
which has been widely adopted in soil sciences (Sposito 1984 [DIRS 127253]; Chien and
Clayton 1980 [DIRS 174705]; Havlin et al. 1985 [DIRS 174706]). This equation has also been
applied extensively to data relevant to chemisorption and is known for its accurate representation
of rate data whether fast and slow kinetics are present (Low 1960 [DIRS 174812]). The Elovich
equation as applied to sorption has the following form (Low 1960 [DIRS 174812]):
d = aedt

(Eq. 6.6.7-6)

where r" delineates the amount sorbed per unit area at time t, and a and a are constants.
Integration of Equation 6.6.7-6 assuming F = 0 and t = 0 yields (Low 1960 [DIRS 174812]):
F = lln(1 + aat)
a

(Eq. 6.6.7-7)

Equation 6.6.7-7 can also be expressed as:

IF=
where to

ln(t + to) aa

-

In to

(Eq. 6.6.7-8)

I1

Fitting the Pu sorption data for goethite and hematite (J-13 water only) from
DTN: LA0004NL831352.001 [DIRS 150272] using the Elovich equation rate law
(Figure 6.6-11) indicates very similar values for the (x rate parameter. These rate data are only
valid at pH-8. Overall, the model fit to the data is very good; both goethite and hematite have
similar trends, and generate very similar rates. The values obtained for a and a for hematite
are 0.88 and 51.5, respectively, while for goethite, the values are 0.01 and 51.78. It is assumed
that the rate data extracted from these sources is taken as representative of forvard rates for the
formation of the predominant surface complex at this pH, SO"-Pu(OH) 4 , as proposed by Sanchez
et al. (1985 [DIRS 107213]). The equation was fitted only to the 'J-13' data; the 'SYN J-13'
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could not be fit because the early stage of sorption was not captured-83-93 percent sorbed in
the first time step.
3.OE-01
Goethite J-13; DTN: LA0004NL831352.001

0

-

2.5E-01

-

Elovich Eq. fit to Pu sorption onto goethite

0

Hematite J-13; DTN: LA0004NL831352.001

-

Eloich Eq. fit to Pu sorption onto hematite

2.OE-01

E
0

E
1.5E-01

I.0
0

I.OE-01
Ai

000U
AU-

5.OE-02

O.OE+00
0

2

4

In(t), min
Figure 6.6-11.

6

8

10

Kinetic data for Pu Adsorption onto Hematite and Goethite at pH-8-8.5 from
DTN: LA0004NL831352.001 [DIRS 150272] Showing the Linear Fits to the Elovich
Equation (see text)

Therefore, analysis of the LANL sorption-desorption experiments shows, using two approaches
for the sorption and desorption data, that the long-term Kd values for Pu sorption onto goethite,
assuming that sorption is completely reversible, are on the range of 8,700 to 140,000 mL g-1, for
the chemical conditions examined. In some cases, these are minimum values, limited by the
detection limits of the analysis.
6.6.7.2

Sorption Dependence on Solution Composition

The experimental work described above for Pu(V) sorption onto goethite and hematite was
performed under only a limited set of conditions (two water compositions, with two slightly
different pH values). Hence, the sensitivity of Pu(V) sorption to water chemistry is not well
constrained. However, studies available in the scientific literature provide ways of evaluating
this. Pu(V) sorption onto goethite and hematite was examined by Powell et al. (2005
[DIRS 174726]). They found that the sorption rate was strongly pH-dependent for hematite, but
only weakly pH-dependent for goethite. For both minerals, they found that, at pH values greater
than pH 4.5, Pu(V) reduced to Pu(IV) on the surface of the goethite, with nearly complete
adsorption and conversion within days or weeks, depending on the pH (Powell et al. 2005
[DIRS 174726], Figures 2 and 3). For hematite, sorption of Pu(V) onto the surface was the rateANL-WIS-PA-000001 REV 02
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limiting step in the transformation; for goethite, reduction was the rate-limiting step. They
hypothesized that this mechanism occurred because of the semiconductor properties of hematite
and goethite (the rate of reduction appears to be light sensitive) and because Pu(IV) forms a
highly stable surface hydroxide species. This is consistent with the earlier work of Sanchez et al.
(1985 [DIRS 107213]) and Keeney-Kennicutt and Morse (1985 [DIRS 106313]), who proposed
a similar reduction reaction for Pu sorption onto goethite. To summarize, Powell et al. (2005
[DIRS 174726]) found that, over the pH range 5-8, the Pu(V) sorption rate is very pH
dependent, but that Pu(V) converts to a very stable Pu(IV) complex on the mineral surface.
Uptake of Pu(V) continues as surface reduction consumes sorbed Pu(V), and although sorption
rate varies with pH, eventually, over the pH range they studied, nearly complete conversion and
sorption occurs.

Q.#

Thus, at time intervals of more than a few weeks, Pu (V) sorbs and converts to stable Pu(IV)
inner sphere surface complexes; therefore to evaluate the effects of solution chemistry on Pu
sorption, the sorption behavior of Pu(IV) must be examined. Two studies provide information
on this. Duro et al. (2004 [DIRS 174716], Figure 3a), showed that the Pu (IV) sorption edge for
goethite occurs between 3 and 4, and the sorption Kd value reaches about 105 by pH 5
(Figure 6.6-12). Kd values at different pHs were extracted from this plot by hand, and are listed
in Table 6.6-13. The data of Duro et al. are consistent with the results of Sanchez et al. (1985
[DIRS 107213]), who found that the Pu(V) sorption edge onto goethite occurred at pH 7, and

the Pu(IV) sorption edge, at pH 3 - 5.
Sanchez et al. also found that sorption of Pu in either oxidation state was not affected by changes
in ionic strength (0.1 M to 3 M NaCI or NaNO 3 and 0.03 M to 0.3 M Na 2 SO 4), suggesting
inner-sphere sorption, and developed a surface complexation model for Pu(IV) based on their
observations. This model involves four adsorption reactions, each successively becoming
important with increasing pH:
SOH + Pu 4 ++ H20 <: SO--Pu(OH) 32 + + 2H+

(R 1)

SOH + Pu 4+ + 2H 20

: SO--Pu(OH) 22÷ + 3H÷

(R 2)

SO--Pu(OH) 3+ + 4H+

(R 3)

SO--Pu(OH) 40 + 5H÷

(R 4)

SOH + Pu 4÷ + 3H 2 0

SOH + Pu 4+ + 4H 2 0

':*

*

The resulting sorption edge is shown in Figure 6.6-13 (Sanchez et al. 1985 [DIRS 107213],
Figure 3). It should be noted however, that these data are for a carbonate-free system. In
systems with carbonate, carbonate complexation in solution at pH values greater than 8 are likely
to reduce sorption, although formation of Pu-carbonate surface complexes partially offsets this.
Sanchez et al. (1985 [DIRS 107213], p. 2304) found that at pH 8.6, relatively high alkalinities
(above 100 meq L-') are necessary to significantly affect Pu sorption.
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1.E+06
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1.1+04
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1.13+02

l.E+00
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6
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pH

Source: Reproduced from Duro et al. 2004 [DIRS 174716], Figure 3a.
Figure 6.6-12.

pH Dependence of Pu (IV) Sorption onto Goethite for the pH Range 2 to 5
Table 6.6-13.

Kd

Values for Pu(IV) Sorption onto Goethite

pH

Kd, mL 1"

2.0
2.5

3 x 101
8.5 x 101
2.0 x 102
2
5.7 x 10

3.0
3.5

2.5x 103
1.7- 104
8.5 x 104

4.0
4.5
5.0

5.2
1.3 x 105
Source: Duro et al. 2004 [DIRS 174716], Figure 3a.
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0

I

pH
Source: Sanchez et al. 1985 [DIRS 107213], Figure 3.
NOTE:

Raw data (open circles) and calculated model fits, using a Triple Layer Model (TLM) and the surface
speciation corresponding to reactions RI through R4, given here as Ki through K4.

Figure 6.6-13.

pH Dependence of Pu(IV) Sorption in a Carbonate-Free System

Sanchez et al. (1985 [DIRS 107213]) provide surface complexation constants for reactions RI

through R4 obtained using a Triple Layer Model (TLM) (Davis and Leckie 1978
[DIRS 125591]), based on experiments with sufficient time given for stabilization. These data
could be utilized to estimate Kd values as a function of pH, at least over the pH range from 3 to 8.
To do this, a geochemical speciation code implementing the TLM for surface complexation
would be necessary to calculate the amount Pu(IV) sorbed as a function of pH. No qualified
version of such a code currently exists.
6.6.7.3

Summary of Alternative Conceptual Model for Pu Adsorption

An evaluation of available Yucca Mountain Project-specific data on Pu adsorption to iron oxides
indicates that at least two processes are occurring when Pu adsorbs to goethite or hematite, a
rapid sorption step, followed by a second process that stabilizes the Pu on the mineral surface.
For goethite, measured Kd values at pH values of 8.2 and 8.5 are in the range of 104 to 105 mL g-I
for sorption data in DTN: LA0004NL831352.001 [DIRS 150272], and desorption data from
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Lu et al. (1998 [DIRS 100946]), based on both direct measurements and fits of the available data
using a two-site model from Painter et al. (2002 [DIRS 174071]). A review of literature studies
shows that reduction of Pu(V) to Pu(IV) on the mineral surface has been observed
experimentally (Keeney-Kennicutt and Morse 1985 [DIRS 106313]; Sanchez et al. 1985
[DIRS 107213]; Morse and Choppin 1986 [DIRS 174703]; Powell et al. 2005 [DIRS 174726]).
It is probable that this redox reaction is the second process occurring in the project Pu sorption
experiments, as suggested by Runde et al. (2002 [DIRS 168432]). Pu(IV) forms highly stable
surface complexes which, relative to Pu(V), are less readily stripped from the mineral surface.
The sorption behavior therefore becomes that of Pu(IV). Pu(IV) sorption Kd values vary with
pH; between pH 2 and 5, the data of Duro et al. (2004 [DIRS 174716]) can be used to estimate
the applicable Kd value. At for pH values from 5 to 8, Powell et al. (2005 [DIRS 174726])
present a triple layer surface complexation model (TLM) for Pu(V), which includes the reduction
step. Kd values could be calculated from the results of that model, but qualified software with
the capability of running a TLM is not available. However, their sorption data indicate that Kds
remain high over this range, and the values indicated by the YMP experimental data are assumed
to be applicable. At higher pH values, Pu sorption should drop, as Pu-carbonate complexes
become stable in solution. Sanchez et al. (1985 [DIRS 107213]) suggest that this is not
important unless alkalinities exceed 100 meq L-1, however, and the high measured Kd values for
the LANL data, collected at pH values of 8.2 and 8.5, in air-equilibrated systems with alkalinities
of 22.5 and 25 meq L-1, respectively, confirm this. There is insufficient information to develop
a model for Pu sorption above pH 8.5.
To summarize, the sorption behavior of Pu(V) onto goethite is assumed to be that of Pu(IV),
because of the documented reduction reaction that occurs. Applicable Kd values from pH 2 to 5
are derived from the data of Duro et al. (2004 [DIRS 174716]) and tabulated in Table 6.6-13; in
the pH range from 5 to 8.5, Kd values derived from the LANL Yucca Mountain-specific
These values range from 8.7 x 103
experimental data are assumed to be applicable.
to 1.4 x 105 mL g'. Above pH 8.5, there are no data available, but Kd values are expected to
drop sharply, as Pu-carbonate aqueous complexes increase in importance.
This alternative conceptual model has been screened out for several reasons. First, the
alternative conceptual model described in this section proposing, Pu(V) reduction to Pu(IV) in
the iron oxide/hydroxide surface, is based on short-term laboratory studies; it is not clear that the
long-term sorption behavior of Pu is controlled by this mechanism. Also, this process has not
been identified in field studies, which reflect Pu sorption and transport of over times scales of up
to 50 - 60 years. Second, the durations of the experiments for which sorption and desorption
data are available are short (hours to weeks) compared to the repository time scale of interest
(10,000 years or more), and equilibrium was evidently not reached in the course of most of the
experiments; such an extreme extrapolation over time reduces the confidence in this alternative
conceptual model. Finally, this alternative conceptual model is not applicable to the full range of
expected environmental conditions in the repository, because plutonium sorption and desorption
data are available for low and intermediate pH ranges but not for the highest pH ranges expected
in the repository environment.
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6.7

DESCRIPTION OF BARRIER CAPABILITY

This section discusses the ability of barriers to prevent or delay the movement of water
or radioactive materials and deals specifically with the features comprising the engineered barrier
that are addressed in this report - the drip shield, the waste package, and the invert. In assessing
these features, a number of assumptions are made (see Section 5).
The engineered barrier addressed in this report is subject to disruption under conditions assumed
for the seismic and igneous scenario classes. Analyses and discussions presented in this report
are confined to the nominal scenario class. Disruption of barrier capability from volcanic
processes may be found in Atmospheric Dispersaland Deposition of Tephra from a Potential
Volcanic Eruption at Yucca Mountain, Nevada (BSC 2004 [DIRS 170026]), Dike/Drifit
Interactions (BSC 2004 [DIRS 170028]), and Number of Waste Packages Hit by Igneous
Intrusion (BSC 2004 [DIRS 170001]. Disruption of barrier capability from seismic events may
be found in Seismic Consequence Abstraction (BSC 2005 [DIRS 173247]) and Characterize
Frameworkfor Seismicity and Structural Deformation at Yucca Mountain, Nevada (BSC 2004
[DIRS 168030]).
The drip shield prevents groundwater seepage that enters the drift from dripping onto the waste
package. It will be completely effective until it is breached, and it is partially effective
thereafter. Condensation on the underside of the drip shield has been screened out due to low
consequence (BSC 2005 [DIRS 173781], Section 6.2.41). In this case, the presence of the drip
shield can potentially increase the amount of water that contacts the waste package, but the effect
is negligible. The EBS RTAbstraction presents an algorithm to determine the fraction of seepage
entering the drift that passes through a breached drip shield, based on the number and size of
breaches (Section 6.3.2.4). In the case where no groundwater seepage or dripping of drift-wall
condensation into the drift occurs, there will be no water flux through the drip shield. The flux
of water into the waste package is equal to the groundwater and dripping condensation flux
passing through the drip shield, less the fraction that is diverted by intact portions of the waste
package. In this way, the effectiveness of the drip shield as a feature of the engineered barrier
can be quantified.
The waste package outer corrosion barrier consists of corrosion-resistant material that will
prevent and delay water from entering the waste package. Once breaches occur, water may enter
the waste package, dissolve radionuclides, and flow out, thereby generating advective releases of
radionuclides. (Although the waste package stainless steel inner vessel provides structural
stability to the Alloy 22 outer barrier, no other performance credit is taken for the waste package
inner vessel, and it is modeled as breaching quickly after the outer barrier is breached; BSC 2004
[DIRS 169996], Section 6.1.) The EBS RTAbstraction presents an algorithm to determine the
fraction of the water flux impinging on the waste package (having passed through drip shield
breaches) that enters the waste package, depending on the size and number of breaches, as well
as the total water flux through the waste package (Section 6.3.3.2). Flow is modeled as steady
state and passing through the waste package without accumulating. Submodels not detailed in
this report provide the concentration of radionuclides that are dissolved in the water flowing
through the waste package (BSC 2005 [DIRS 174566]) and the behavior of colloids (BSC 2004
[DIRS 170025]). Advective and diffusive transport of radionuclides from breached waste
packages is limited by sorption of radionuclides onto steel internal component corrosion
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products; sorption and retardation characteristics of radionuclides inside the waste package are
discussed in this report (Section 6.3.4.2). When there is no advective transport, diffusive
releases may still occur; a submodel for diffusion inside the waste package is presented
(Section 6.3.4.3). With these models implemented in TSPA-LA, the effectiveness of the waste
package as a feature of the engineered barrier can be quantified with respect to
radionuclide transport.
The invert consists of crushed tuff that can delay releases of radionuclides to the unsaturated
zone. The invert limits diffusive transport of radionuclides out of the engineered barriers by
maintaining unsaturated conditions under the waste package. The invert limits advective and
diffusive transport of radionuclides by sorbing radionuclides onto crushed tuff. A simple model
for computing the diffusion coefficient of the invert as a function of the porosity and water
saturation is presented in this report (Section 6.3.4.1). This enables the effectiveness of the
invert as a feature of the engineered barrier to be quantified when implemented in TSPA-LA.
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