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United States Nuclear Regulatory Commission

NRC's ROLE

* Pre-licensing Activities
- Developing staff review capabilities

- Understanding important features, events, and
processes

- Understanding Barriers

- Interactions with DOE

- Identifying information necessary to review a license
application (agreements)

; Reiiewing DOE license application
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United States Nuclear Regulatory Commission

Historical Background

Integrated performance assessment (IPA) modeling
activities

* Development of Total-system Performance Assessment
(TPA) code

* Interactions with DOE on TSPA

* Development of Key Technical Issue (KTI) framework

United States Nuclear Regulatory Commission

Role of NRC's TPA Code
Independent review capability

- Evaluate DOE's TSPA
- Understand and evaluate DOE's models, assumptions,

and data
a , - Flexibility to evaluate completeness of DOE modeling

approaches

* Enhance staff understanding
- Identify key elements of repository system
- Provide risk insights to help establish priorities
- Integration of Evaluations of sub-system performance

I
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United States Nuclear Regulatory Commission

Applications of TPA code

* Confirmatory analyses of DOE modeling approach and
Phi; ~results

-* Simplified calculations to support system performance
Y f rd -- analyses

.* Uncertainty and sensitivity analyses
- Identify uncertainties important to performance
- Test relative importance of parameters, alternative

conceptual models, and key assumptions
* Integration of processes and models into a comprehensive

understanding of repository system
* Identify uncertainties in abstraction process
* Understanding importance of certain scenarios

United States Nuclear Regulatory Commission

Key Aspects of Estimating Nominal Performance

* Infiltration

* Near field
- Engineered Barrier Degradation

- Source Term

* Radionuclide Transport Through Geosphere
- Unsaturated zone
- Saturated zone

* Biosphere and Dose

6
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United States Nuclear Regulatory Commission

Confidence Building for Performance Assessment

Peer review of TPA 3.2
=<*Zx- - Areas evaluated

W - Key recommendations

S - Staff follow-up

*Verifieation-Testing-of-T-PA-5.0

- Purpose

- Approach

7
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United States Nuclear Regulatory Commission

Ongoing NRC Staff Activities and Path Forward
in PA

L * Risk Insights
- Risk insights baseline
- Risk Insights Report
- Provide feedback to staff on agreements

* Interactions on DOE Risk Prioritization Approach

* Finalize development of TPA 5.0 prior to LA

* Developing EPA 4

* Update Risk Insights Baseline

8
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United States Nuclear Regulatory Commission

Total-system Performance Assessment (TPA):
Approaches and Assumptions

for Version 4.1

Christopher J. Grossman
.,X

Environmental and Performance Assessment Branch
Contact information: (301) 415- 7658, cjg2 @nrc.gov

Major Contributors: Sitakanta Mohanty, Richard Codell, Randy
* Fedors, Jim Winterle, Hans Arlt, Paul Bertetti, John Bradbury,

Tae Ahn

Presented to: The Advisory Comnittee on Nuclear Waste,
March 25-26, 2003



United States Nuclear Regulatory Commission

TPA: A Review Tool

* TPA is an independent tool used to support review of both pre-
licensing activities and a potential license application.

* TPA uses available data to construct approaches based on first
principles.

* TPA uses approaches based on fundamental principles to
simulate the repository behavior and allow for computational
efficiency where warranted.

* TPA uses fundamental approaches to allow flexibility in
independently evaluating of a license application for the
proposed repository and suppoIt review capability.
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@' United States Nuclear Regulatory Commission

TPA Approach

TPA conducts probabilistic dose calculations for specified time
periods, accounting for:

- Essential features of the engineered and natural barriers,
- Chemical and physical processes affecting degradation and

release to the biosphere,
- Uncertainties and spatial variability of system attributes,

model parameters, and future states (scenario classes), and
- Lifestyle characteristics of the reasonably maximally

exposed individual (RMEI).

X * Scenario classes include:
- A nominal case including climate changes and seismic

activity,
- A disruptive case involving faulting, and
- A disruptive case involving igneous activity.
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Repository Conceptualization
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United States Nuclear Regulatory Commission

Water Movement Through the Repository

-l * Temperature and precipitation vary with glacial cycles.

* Process-level modeling, which incorporates climate, soil depth,
~ .d and bedrock permeability, estimates the shallow infiltration flux

for bare-soil conditions based on numerical solutions to the
Richards equation.

Deep percolation flux equal to the shallow infiltration flux.

a* Water seeping into drifts varies with time during the first few

thousand years largely because of coupled heat transfer and
fluid flow processes such as vaporization, condensation, and
refluxing.

X* Large-scale diversion, as well as near- and in-drift diversion or

focusing impact the water flux entering the failed waste
package.



*, * * *

United States Nuclear Regulatory Commission

Shallow Infiltration

P ir 1 rIvapo1rallaon lEncirgy

.I
Soil

Bcdrock | n Bcdrock

Infillration

* Evidence suggests precipitation
may have been 1.5-2.5 times
larger than current climate
conditions, while temperature
may have been cooler by 5-10 OC
at last full glacial maximum.

* Net infiltration for the modern
climate is based on 1-D
simulation results using a 15-year
record of hourly meteorological
data fr-om Desert Rock, Nevada.

e
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United States Nuclear Regulatory Commission

Groundwater Reflux
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Conceptualization of drilt-scalc
thermal hydrologic model.

* Process-level thermohydrologic
modeling calculates the thickness of
the dry out zone above the repository
for TPA.

* Theory suggests water flowing down a
fracture will penetrate a distance
below the boiling isotherm before
completely vaporizing.

* Water reaches the drift when the
penetration distance exceeds the
thickness of the dry out zone.

* TPA also incorporates two additional
alternative conceptualizations to model
groundwater reflux.
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United States Nuclear Regulatory Commission

Flow Convergence/Divergence

* TPA utilizes a simple and efficient approach
to modify the percolation flux that reaches

% - I) the waste package.

) WO* Factors account for:
/ B )0 Fraction of waste packages dripped on

0
0
0

by flowing fractures,
Focusing/divergence of deep
percolation toward/away from drifts,
Divergence due to capillary forces in
unsaturated rocks,
Film flow down the surface of the drift
wal Is,

Drips missing holes in the waste
package, and the presence of corrosion
products in the holes.

0
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United States Nuclear Regulatory Commission

Degradation of the Engineered System

* Process-level modeling based on experimental evidence estimates
the time of drip shield failure.

* TPA estimates initial failure of a small number of waste packages
due to fabrication defects or emplacement damage.

a TPA simulates uniform or localized corrosion of the waste package
depending on conditions (RH, T, [CI-], pH) in' the near-field
environment. TPA assumes the waste package fails with a single
penetration of the outer (Alloy-22) and inner (316L SS) overpacks.

* TPA calculates the waste package surface temperature and relative
humidity (RH) based on thermal output and the repository horizon
temperature.

* Process-level modeling estimates the near-field chemical
environment.
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United States Nuclear Regulatory Commission

Thermal Modeling

Idealization for thermal calculations.

200 - -, . . rn---rr r-
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Time (yr)

Wase package surfacc tem'peraturs.

* TPA calculates the temperature of
the drift wall using a mountain-
scale analytic conduction-only
model.

* TPA calculates the waste package
surface temperature and maximum
temperature of the spent fuel using
analytical approximations of
multimodal heat transfer.

* TPA calculates RH as a function of
drift wall and waste package
surface temperatures and moisture
present at closure.

* TPA can incorporate an alternative
thermal model.
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Near-Field Chemical Environment
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* Currently, process-level modeling
simulates the change in chloride
concentration due to evaporation.

* TPA adjusts the chloride concentration
to account for uncertainties and
limitations of the modeling to
represent the chemistry on the waste
package surface.

I 114

Tlne V)
* TPA fixes pH at 9 based on process-

modeling.concentration at the drift wall.

* TPA 5.0 will add a new conceptual
model to describe pO, pH, C03 2-, Cl,
NO2-, F - evolution thereby improving
realism in the corrosion modeling.
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Radionuclide Release

i I,. 1

* The quantity of water that enters the failed waste package,composition of water, and solubility of radionuclides impact thetransfer of radionuclides from spent fuel into water fortransport.

* TPA considers two models, a bathtub and flow-through model,for advective transport of radionuclides from the wastepackage. TPA 5.0 will add a diffusion transport model.
* Experimental evidence supports the spent fuel dissolution ratemodel. TPA includes 3 additional alternative dissolution ratemodels.

* TPA incorporates two spent fuel surface area models, a particlemodel and a grain model.

* TPA 5.0 will add a high-level waste glass source term model.
* Cladding can reduce the fraction of total spent fuel surface areaexposed to water entering the waste package.
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United States Nuclear Regulatory Commission

Unsaturated Radionuclide Transport
* TPA utilizes a simple l-D

vertical flow field through
-t1toR-pring.sor e hydrostratigraphic layers whoseOTopa h Itl a Inwelded .,lde
OCalico Hills-nonwelded zevoilie thicknesses were derived from

0 rwPass-Welded.OUpet crFFlded the Geologic Framework Model13 Burl Frog-welded_
UWater Table _ 3

= 9 18 3= .0 = *UZ flow occurs in fractures
100 16t/ 49 \37 when the percolation flux
2 55 52 \-U t6313 8 exceeds the matrix hydraulic

71 conductivity for a given tuff

* Due, to large uncertainty and
long run time, TPA does not

1 2 3 4 5 6 7 8 9 10 include diffusion of
Subarea radionuclides from fast flowing

fractures into near-stagnant
matrix pores.

* TPA models retardation in the
rock matrix.
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United States Nuclear Regulatory Commission

Unsaturated Radionuclide Transport
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Saturated Radionuclide Transport
TPA models 3 streamtubes

poroiflow-net 
interpretation of

Streamtube 2 * * hydraulic gradients in the
Well Latin 

uppermost aquifer.

: I ' r * * ater level data from area

V 7. wells provides basis for
, ,~ , hydraulic gradient and

~ ~,7a~.'~ Itransmissivity.

* TPA samples tuff-alluvium
k interface.

*.* . *TPA models sorption in
/i ~ ~*.alluvial aquifer and tuff

* Radionuclides can diffuse
from fractures into matrix
in the tuft aquifer.
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United States Nuclear Regulatory Commission

Saturated Radionuclide Transport
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United States Nuclear Regulatory Commission
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United States Nuclear Regulatory Commission
*

Disruptive Events

TPA predicts the number of waste package failures
caused by falling rocks resulting from seismic activity
that mechanically load and deform the waste package.

X* TPA models waste package failure resulting from
- ' movements along undetected or new faults that exceed a

J X displacement threshold.

* TPA accounts for waste package failures caused by both
extrusive and intrusive igneous events. TPA models
airborne releases of radionuclides for volcanic eruptions.

( ( __ _
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United States Nuclear Regulatory Commission
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Afterword

TPA provides a flexible framework to independently
review pre-licensing activities and a license application
for the proposed repository at Yucca Mountain.

'- * TPA uses approaches based on fundamental principles,
where possible, to simulate the repository behavior andallow for some computational efficiency.

a * V'Where possible, the approaches are based on available
data.



YUCCA MOUNTAIN PROJECT

# i Vt$7 ia.S. Department of Energy
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Overview of thue U.f S., Department of
Energy~ Total syustem lPerlformance
Assessment Mlodel
Presented to:
Advisory Committee on Nuclear Waste



Current Status of the Total System Performance
Assessment

Summary of Total System Performance Assessment
methodology

Q Summary of the major model components
- Mapping of workshop topics to DOE Total System

Performance Assessment model components

- Process models and abstractions

+ Source term discussed separately in later presentation

- Linkage in Total System Performance Assessment model

__ = =_ _= YUCCA MOUNTAIN PROJECT
BSC Presentations_ACNW_YMSwift_03/25/03 2
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Status of Total System Per formanace
Assessment Analyses

* All DOE Total System Performance Assessment information
used at this workshop is from existing Total System
Performance Assessment analyses
- December 2000: Total System Performance Assessment for the Site

Recommendation

- July 2001: FY01 Supplemental Science and Performance Analyses

- September 2001: Revised Supplemental Total System Performance
Assessment to support the Final Environmental Impact Statement and
Site Suitability Evaluation

- Additional analyses completed in 2002

* "One-off" analyses to support risk-based prioritization

* "One-on" analyses to provide insight into barrier performance

e Models and analyses that will support the License Application
are currently under development

YUCCA MOUNTAIN PROJECT
BSC PresentationsACNWYMSwift_03/25/03 3



Total System Performance Assessment Process

o Screen features, events and processes to determine those that
must be retained in performance assessment

a Develop models, along with their scientific basis, for each
process included in Total System Performance Assessment

O Identify uncertainty in models and parameters
O Construct integrated Total System Performance Assessment

model using all retained processes
- "Nominal" performance model contains all features, events and

processes likely to occur
- "Disruptive event" performance model contains low-probability events

(e.g., volcanism)
- Stylized human intrusion model, as specified by regulation

O Evaluate total-system performance (individual protection,
groundwater protection, and human intrusion standard)
considering uncertainty through Monte Carlo
simulation

W= YUCCA MOUNTAIN PROJECT
BSC PresentationsACNW YMSwift_03/25/03 4
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Total System Performance Assessmnent Proces's

M- - --- -- --- -- --E ----------

YUCCA MOUNTAIN PROJECT
BSC Presentations_ACNWLYMSwift_03/25/03 5
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Nominal Performance Model Components
Workshop Groupings DOE Total System Performance

Assessment Components

Infiltration/Tunnel Dripping

Source Term

Near Field

Unsaturated Zone

Saturated Zone

Biosphere

Climate, Infiltration, Unsaturated
Zone Flow, Thermal Effects, Seepage

Drip Shield, Waste Package,
Cladding, Waste Form

Transport in the Engineered
Barrier System, including Invert

Flow and transport in the
Unsaturated Zone below the

Repository

Flow and transport in the
Saturated Zone

Biosphere

_ YUCCA MOUNTAIN PROJECT
BSC Presentations_ACNWYMSwift_03/25/03 6
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Nominal Performance Model Componntsi is

Organized iby Barriers
Surface soils and

.ce Si78 t 
topography

= XTopgraphy | (includes climate,
ginfiltration)

MS | Unsaturated zone
-. Pabove (seepage, drift

effects)
Drip shield

Waste packageF -~Cladding

Waste form

Invert

~UIWtZ~R~E~fiL~ __________Unsaturated zone
tt below' (transport)

*Pwreom~an~cinr~dt¶ knrddfl~~~Saturated zone

MM11010M1111 11RIMMMMMEEMMYUCCA MOUNTAIN PROJECT

BSC PresentationsACNWYMSwift_03/25/03 7



Total System Performance Assessment Model Components
(N(

) Radionuclide Inventory
OR, In-Package Chemistry
4 Cladding Degradation
ad CSNF Degradation
A DSNF Degradation
Q DHLW Degradation
> Solubility Concentration Limit
ad Colloid Concentration

)minlal Performance)

k, Waste Package Degradation
djDrip Shield Degradation

(,Chemical Environment

4,;, EBS Physical Chemical
Environment

() EBS Radionuclide
Transport

TThermal Hydrologic Environment

.I'i

M Climate
__ Net Infiltration

UZ Flow
S Seepage

P/

3.

is UZ Transport

Lj SZ Flow
Lo' SZ Transport

CSNF
DSNF
DHLW
EBS
SZ
UZ

LEGEND
Commercial Spent Nuclear Fuel
Defense Spent Nuclear Fuel
Defense High-Level Waste
Engineered Barrier System
Saturated Zone
Unsaturated Zone

I Biosphere Dose Conversion Factor 00185DRFigure 1 al
m Reasonably Maximally Exposed Individual Behavior

Em YUCCA MOUNTAIN PROJECT
BSC Presentations-ACNW_YMSwifL_03/25/03 8
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Overview o1f Model Link~age
(Total System Performance Assessment - Site Recommendation)
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OutputuParameters

s Frcon Ofu5wth epst Tara empers tr Legend
I Fato fWSwthSes T TmeaueIonic Strength Response Surface Between

CBS Engineered Barrer System RH Relative Humidity t'3Zi Saturated Zone Transport Time .1 e Process Models

Qs Seep Flow Rate SI Liquid Saturation BDCF1  Biosphere Dose Conversion Factor Response Surface from

Q Evaporation Rate XaAir Mass Fraction qg Gas Flux 1111,Process Model to GoldSim
pH pH q, Liquid Flux

XC0 3' Carbonate Concentration q1  Infiltration Flux O0t 85DRFigure 2 ai

0111111011111 1111.11IM1111YUCCA MOUNTAIN PROJECT
BSC PresentationsACNWY'MSwift_03/25/03 9



Components Related to
Infiltration/Tunnel Dripping

Climate

Net Infiltration _ ?

Unsaturated [171
Zone Flow

. .... ..

.... . ...44444i al

4 44 4

. ... . ....

Seepage

Thermal
Effects on

Unsaturated
Zone FlowHI

YUCCA MOUNTAIN PROJECT
BSC Presentations_ACNWYMSwift_03/25/03 10
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Climate

Total System Per formnance Assessment Ab1st1ractionl and Lin kage

a Present climate and two future
states based on paleoclimate
data and modern analogs

1j*cf

14 4-

Present Day

Yucca Mountain - Timing of climate changes is
fixed

- Uncertainty in magnitude of
changes in precipitation and
temperature is included through
the infiltration model

Monsoon

Lower-bound analog Yucca Mountain
Upper-bound analog. Nogales, AZ
Higher precipitation and temperature
than present-day

Glacial Transition

Lower-bound analog Delta, UT
Upper-bound analog Spokane, WA
Higher precipitation and lower
temperature than present-day

o Outputs
- To infiltration model

+ Mean annual temperature and
precipitation, timing of changes

- To unsaturated zone transport
model

+ Water table rise with wetter
climates shortens transport path

- To saturated zone flow and
transport model

* Wetter climates increase flow
rates, breakthrough curves
calculated for present flow field
are scaled accordingly

_ YUCCA MOUNTAIN PROJECT
BSC PresentationsACNVW_YMSwift_03/25/03 1 1
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ITSfPlo tration
Toutal Systemr Performzance Assessment Abstraction anrd ILinktage

Crest
e Higher precipitation
* Thinner soi
* Fractured bedrock
- More infiltration

'R~~~..R>i ..l ........ , _.:' , :.

+ET
uon/Ru ,o, IEvaporation

Transpiration

Washes/Alluvium

*Lower preci itation
* Faster runoff

Thicker soil
Deeper bedrock

* Less infiltration

Soil
Drainage

Xabq0043G? 14

a Inputs from climate model, site and analog data
a Process model includes precipitation, temperature, evapotranspiration, insolation, run-on, run-off,

soil storage
* Abstraction implements three detailed net infiltration maps (high, medium, low) calculated for each

climate state
* Output

- Infiltration flux maps to mountain scale flow model and thermal hydrology model
- Probability of infiltration maps to Total System Performance Assessment for

binning waste packages and source term
YUCCA MOUNTAIN PROJECT

BSC Presentations_ACNW_YMSwift_03/25/03 12
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Mountain Scale Unsaturated Zone Flow

Total System Performance Assessment Abstraction and Linkage
MINMWA

SURFACE
PRESENT DAY INFILTRATION (mmlyear)

REPOSITORY
TOTAL FLUX AT REPOSITORY LEVEL (mmlyear)
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* Inputs from infiltration model, site data
O Process model calculates 3-D steady state isothermal flow in an unsaturated

dual permeability medium
* Abstraction implements a flow field for each infiltration map
0 Outputs

- Hydrologic properties to thermal hydrology model
- Flow fields for unsaturated zone transport model

10111 _ m YUCCA MOUNTAIN PROJECT
BSC PresentationsACNWYMSwift_03/25/03 13



WIThermal Hdydrologic Environments
Total System Performance Assessment Abstraction and Linkage

* Thermal hydrology model
water flow - Inputs: drift layout and
ef, heat loading from

~ 7 advection + conduction

watervaporrepository design;
water vapor5 hydrologic properties

from mountain scale
WaterVaporMoving flow model; water flux
Outward f rom Dnft Area from infiltration model
Dryout Zone

.- Outputs: percolation

v - e nflux to seepage model;environmental
conditions in drift and
adjacent rock

Matnx imbibes
water from fracture

\Temperature uniform
> Ambient
< Boiling

Water moves downward
due to gravity

Late Heating Period
>2000 Years

o Thermal hydrologic
chemistry model

- Inputs: initial water
chemistry, temperature
history from thermal
hydrology model

- Outputs: water
chemistry entering drift

Heating Period
50 Years to -2000 Years

F17M YUCCA MOUNTAIN PROJECT
BSC PresentationsACNWYMSwiftL03/25/03 14
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Seepage
Total System Performance Assessment Abstraction and Linkage

Process model calculates 3-D
* s T fracture-only flow, includes flow
KL ~..focusing effects, drift degradation

'x Inputs are thermal hydrology flux,
drift design, rock properties

* Abstraction uses thermal
hydrology flux 5 m above drift as
input

_ Outputs are seepage fraction
(overall 13% for Total System
Performance Assessment - Site
Recommendation, 48% for

' ' S Supplemental Science and
Performance Analyses and Final
Environmental Impact Statement),
seep rate (with uncertainty) for

_~ .(different waste package bins
7 ~ ~.(i.e., waste type, infiltration states)

015RFgureS_ al

YUCCA MOUNTAIN PROJECT
BSC PresentationsACNWYMSwifl_03/25/03 15



iComponents elated to the Source Term

In-Drift Physical
Chemical Environment

N
N

N

MAMO YUCCA MOUNTAIN PROJECT
BSO Presentations-ACNW..-YMSwift_03/25/03 1 6
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iiCornponents Related to the Source Term

lRadioniuclide Release From the Waste IForm

Legend

CSNF Commercial Spent Nuclear Fuel
DSNF Defense Spent Nuclear Fuel
DHLW Defense High-Level Waste
EBS Engineered Bamer System
WP Waste Package abOe63G322a al
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O Engineered barrier system
flow
- 1-D flow model uses input from

thermal hydrology, seepage,
waste package (source term)

Engineered barrier system
chemistry
- Inputs include water chemistry,

flux, temperature

- Outputs: invert water chemistry
to engineered barrier system
transport model

* Engineered barrier system
transport

- Advective and diffusive transport
- Inputs from engineered barriers

system flow, waste package
- Outputs: radionuclide flux to

unsaturated zone transport
model

_ 7 c YUCCA MOUNTAIN PROJECT
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a S Unraturated Zone Transiport
Total System Perlformnance Assessment Abstraction and Linkage

". .... �11.1rx, :Cockfighting: i �;11, a, file,,
IMM�'111'/ i�" , , * 3-D steady-state particle

tracker, dual-continuum
transport with sorption,
reversible and irreversible
colloids

- i 4,
e Implemented directly in

Total System Performance
Assessment

a Inputs:-
- Flow fields from mountain

scale flow model' RepostiW'7r
L-- _ = ,. u..71 U M v '_

Topopah Spring
' Welded (TSw)

'Topopah Spring
Weldbd, Vitric (TSw)

Catico Hills
Nonwelded

(CHn)

Wa6er
Table

Crater Flat
Undifferentiated (CFu)

TSw
i Basal
\Vitrophyre

- Radionuclide fluxes from
engineered barrier system
transport model
Time and magnitude of
climatic changes in water table
elevation

e Outputs: radionuclide flux
to saturated zone transport
model

_ 1 YUCCA MOUNTAIN PROJECT
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Saturated Zone Flow and Transport
Total System Performance Assessment Abstraction and Linkage

Process model calculates site-scale
3-D steady-state flow

- Inputs include h ydrogeologic framework
regional model, boundary and recharge
fluxes, future flux cl imate scaling factors

- Calibration to water table data

Transport calculated as
breakthrough curves for release at
initial time

Includes sorption, reversible and
irreversible colloids

0 Total System Performance
Assessment abstraction uses
convolution integral approach to
apply breakthrough curves to
releases at all times, scaling for
climate effects and accounting for
radioactive decay/ingrowth
Output to biosphere model:

~, ~i~i.radionuclide flux into the
withdrawal well

0013"OR Luis 3 W
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Biosphere
Total System Performance Assessment Abstraction and Linkage

Groudwatr S2j 0 Exposure pathways include food
Unit Conrio and water ingestion, dust
Each Radionucilde inhalation, external exposure to

contaminated soil
IDrinking
Watereli) Human lifestyles and groundwater

Irrigation Water (Well) pumping consistent with
Uptaesi A v Xregulatory requirements

Soil Concentration Dose methodology based on the
Crop Uptake 1International Commission on

I Radiological Protection 30
I standards

Animal Concentration Resustanda rd
Crop Concentration Resuspe 4 Inputs are radionuclide

nDa7 0concentrations in groundwater,
Po u Chuman lifestyle data

External Radiation Outputs to Total System
Performance Assessment are
biosphere dose conversion

Ffactors

YUCCA MOUNTAIN PROJECT

BSC PresentationsACNW._YMSwift_03/25/03 21



Summary

Detailed models characterize water flow, radionuclide
transport, and other important processes through the
major components of the system
Total System Performance Assessment links these
models, simplified where appropriate and necessary,
to provide estimates of system performance

O Total System Performance Assessment and process
models can be used to examine behavior of
individual components within the system, to be
discussed in subsequent presentations

4K-t . X*. = YUCCA MOUNTAIN PROJECT
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Global FEP List
Identify inapplicable FEPs
Map redundant and related

Site-Specific FEPs to Primary entries
Primary FEP List 0

Out Regulation

_ _ ,Site-Specific

* Screening
Out 0-utCiteria

Probability Consequence

f ~In

T SPA Models |TSPA Parameters TSAMdl

- YUCCA MOUNTAIN PROJECT
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Screening Features, Events, andl Processese tss

Screen ing Criteria

From 10 CFR 63.114 d,e,f

- "Any performance assessment used to demonstrate
compliance with §63.113 must:

...Consider only events that have at least one chance in 10,000
of occurring over 10,000 years.

...Specific features, events, and processes of the geologic
setting must be evaluated in detail if the magnitude and time of
the resulting radiological exposures to the reasonably
maximally exposed individual, or radionuclide releases to the
accessible environment, would be significantly changed by
their omission.

* ...Degradation, deterioration, or alteration processes of
engineered barriers must be evaluated in detail if the magnitude
and time of the resulting [doses or releases] would be
significantly changed by their omission."

YUCCA MOUNTAIN PROJECT
BSC PresentationsACNW._YMSwIft_03/25/03 25



N~lominal Performance Scenario Class

, . I
00
0
0

Water Contacting Waste Package

Waste Package Life Time

Radionuclide Mobilization and
Release
Radionuclide Transport

IQ0 Disruptive Events and Processes
/

/

ili]E..

" Q I ( } W astePackageLifetime

% Radionuclide Mobilization

/
/

N o rt.h ..... .. . ,
Water Contacting
Waste Package

O=

Water
Table

K-J and Release

Biosphere

[i_g fgg

Radionuclide Transport

11� - I
" " ; 1.

.,� , 4 1

Aiiag"" , ., -1, -

rV , t # GZ

, " , f 8p 99'
.' , I, , .,

f !4 , ' Si f 2^

South

ODisruptive Events
and Processes

abq0063G227a ai
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Igneous Disruption Scenario Class
(

Ash Plume B

Ash Fall
< t . ' .B..mB s o

Volcanic :9
Conduit _--

, Potentially
. Contaminated

Air and Ground

g

:sb0 South

_ ___YUCCA MOUNTAIN PROJECT
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H3uman1 Intrusion Scenario
Borehole dniled in accordance with
current practices. Dnil bit penetrates
waste package. Drilling continues to
water table. ,

J MO
Precipitdtioll of h
and Infiltration

Borehole.

Water Table

YUCCA MOUNTAIN PROJECT
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United States Nuclear Regulatory Commission

Source-Term Modeling and Support

David W. Esh, Ph.D.

Environmental and Performance Assessment Branch
Contact info: (301) 415-6705, dwe@nrc..zov

Main Contributors: Tae Ahn, Gustavo Cragnolino, Vijay
Jam, Richard Codell, Osvaldo Pensado, Roberto Pabalan,

Sitakanta MohaVnty

Presented to: The Advisory Committee on Nuclear Waste,
March 25-26, 2003
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K United States Nuclear Regulatory Commission

Overview- NRC Source-Term Modeling

, <g3:* "Data"-based (as much realism as practical)
* Based on simple concepts

* Flexible - to enable review considering
uncertainty

* Development independent of DOE
!Computationally efficient

* Alternatives represented (conceptual models)

2
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United States Nuclear Regulatory Commission
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Water entering drift

0 -

Boundary

I

I
I

I

* Seepage and water
contacting waste

* Drip shield
corrosion

* Waste package
corrosion

* Spent fuel
degradation

* Glass degradation
* Cladding failure
* Radionuclide
release

%I* %% .00
1*0 .. - .. .. .10

Water and radionuclides exiting the drift
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United States Nuclear Regulatory Commission

Seepage and water contacting waste
POTENTIAL DRIPPING TO ENGINEERED BARRIERS:
- Account for variability in dripping water
- Spatial variability in both infiltration and hydraulic conductivity
- Variability in the fraction of engineered barriers getting wet and the

amount of flow
- Many parameters correlated to prevent unphysical results

FRACTION OF DRIPPING ENTERING WASTE
- PACKAGE (Fmuit)

- Assumes thru-going holes in WP
r -Multipliers for diversion of water by:

(1) diversion around drift by capillarity
\ ) (2) water running down walls

(3) water not impacting holes
(4) diversion from holes because of corrosion

products
- , 4
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(

Conceptual Models for Water Contact

Wasle rarm

Intemal Surfac
uf Waste Package

' Wasto Form

Interrnal twface3
of Waste Package

* Bathtub and flow-through conceptual models for
water contacting the waste.

* Bathtub modeled as a stirred-tank and solubility limits
are applied.

5



United States Nuclear Regulatory Commission

Seepage and water contacting waste

1.2 -

1 -

0.8 -

Bathtub or Flow Thru water contact
models

Bathtub fill-
years to o\
50th perce

-a)

c-
0.6 -

-up times range from: <20
ter 100,000 years with a
ntile value of -3000 years

50 percentile i
0.4 -

0.2 -

0- _
0.0001

is 4.5%

0.001 0.01 0.1 1 10

Flow into WP as fraction of deep percolation

6
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United States Nuclear Regulatory Commission

Drip shield corrosion

0 Ti Grade 7 current densities in the range 10-8 to 5x10-7 A/cm2 (pH
range 2.1 to 10.7, [Cl] range 0.1 to IM, 950C)

* Corrosion rates ranging from 8.7x10-5 to 4.3x10-3 mm/yr (assumed 0.1
and 99.9 percent quantile values of a normal distribution)

* Assumptions: general corrosion occurs from only one side of the drip
shield, general corrosion is the only degradation mechanism

1

0.8

0.6

0.4

0.2

ial distribution fit

0.1 percentile:' 2,700 yr
99.1 percentile: 20,400 yr

6

0.001 0.0015 0.002 0.0025 0.003 0.0035

Corrosion rate, mm/yr
10ooa

Failure time, y
15000 20000
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United States Nuclear Regulatory Commission

Waste package - uniform corrosion

2.5 x 10

~2.25 x 1 0

F 2x 108'

1.~175 x1 0 8

* . X lo-

1.25 x 10-9I 5Xlo-,

7.S~S .5 x 1 0-'

* Extension of Point Defect Model to
ternary alloy system based on Cr203 -
rich passive film with Ni, Cr, and Mo
(interstitial cations) as predominant
charge carriers

* Vacancies created by alloy
dissolution and accumulated at the
metal-film interface lead to a passive
current density (ipas) decrease until
steady state is reached

* Breakdown of passivity or enhanced
dissolution for extended periods is
unlikely

4
6

0 50 100 150 200

Time, hours

Measured in 0.028M Chloride solution at 95 'C 8
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United States Nuclear Regulatory Commission

Waste package'- uniform corrosion
* Passive current densities in the range 5x10-9 A/cm 2 to 5.4x10-8 A/cm2 (pH

range 2.7 to 8, [Cl] range 0.028 to 4 M, 950C)

* The corrosion rate in the code is computed using Faraday's law.

* Corrosion rates ranging from 4.97x10-5 to 5.28xlO-4 mm/yr (assumed 0.1 and
99.9 percentiles of a normal distribution)

* Assumptions: breach defined to occur as complete penetration of the waste
package wall thickness by the corrosion front

1

0.8

0.6

0.4

0.2E 0.2

0.00015 0.0002 0.00025 0.0003 0.00035 0.0004 0.00045
Corrosion rate, mm/yr

1 10 1.3x105

Failure time, yr

1.8x1O5
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Waste package - localized corrosion
600

; .4

.4-,

IoI

U,

i 0~

a)
C:

400 -

200 -

0-

-200 -

R

0
E0 El

A

4A \

Alloy 22, NaCI, 951C

L MA No Crevice Corrosion
V MA Crevice Corrosion
A Welded No Crevice Corrosion
A Welded Crevice Corrosion
o TA No Crevice Corrosion
* TA Crevice Corrosion

El El

K

* Localized (crevice) corrosion occurs
when the corrosion potential (Ecorr) is
higher than the crevice corrosion
repassivation potential (Ercrev)

Ercrev = E rcrev(T) + B(T) log[CI-]

where Eorcrev(T) and B(T) are linear
functions of temperature

* As a result of welding and post-welding
processes, Ercrev may become lower than
Ecorr, facilitating the occurrence of
localized corrosion at Cl- concentrations
lower than those required for the MA
alloy

* These effects, as well as the inhibiting
effect of NO3 -, can be introduced in the
code through changes in the Ercrev
expression 10

0

-400 I I I 1111111 I I 1111111 I I 1111111 I I 1111111l

0.0001 0.001 0.01 0.1 1
Chloride Concentration, Molar

I 1111111

10

MA - Mill Annealed
TA - MA + Aged 5 minutes at 870 0C
Welded - MA + Welded
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Waste package - localized corrosion

1600 -

1400 -

1200 -

4-0_

0

con

1000 -

800 -

600 -

Ranges (1 and 99 percentiles) of
critical relative humidity for the
onset of aqueous corrosion

- -0.35-0.6

--. 0.4-0.6

l -°0.45-0.6

I.-r 0.5-0.7

En

I

400 -

200 -

0
0 2000 4000. 6000 8000 10000

Time, yr 11



United States Nuclear Regulatory Commission

Waste package - stress corrosion cracking (SCC)
Test conditions and results for the testing of Alloy 22 precracked

double cantileverbeam (DCB) specimens

Specimen ID Test Solution and Potential Duration Results

(Orientation) Temperature (mVSCE) (hr)

0.9 molal C01 (5% -330 to -31 0 9,264
22-1 (T-L) NaCI), pH 2.7 90 00, (0c) (386 days) No crack growth

N2 deaerated

22-2 (T-L) 14.0 molal Cl- (40% -280 to -260 9,264 No crack growth
MgCI2), 11 0 °C (0c) (386 days) Grain boundary attack

14.0 molal Cl- (40% -270 to -250 9,264 No crack growth
22-7 (S-L) MgCI2), 110 °C (0c) (386 days) Minor secondag

MgI 2 1000(0)cracking

'-L - Transverse-Longitudinal; S-L - Short tranverse-Longitudinal; OC - Open Circuit

* For the conditions evaluated and types of tests performed, stress
corrosion cracking has not been observed.

* It appears that Ecoff < ESCC and/or Ki < Kisc. which seems to be high
for Alloy 22 12
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Waste package - SCC
* The TPA 4.1 code does not have an SCC abstraction.

- experimental observations
- additional analyses for risk impacts

90
80
70
60
50
40
30
20
10
0

mean = 0.000015 mrem/yr/package

Tr
woo C tccq N o co t c'l U M wO t'cQ,

I . . . 1 . . . . I I

- ILog (dose {mrem/yr})

t co CD

I I
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United States Nuclear Regulatory Commission

Wasteform - spent nuclear fuel (SNF)

Select Representative Spent Fuel Dissolution Rates
Dissolution Rate

(mg/m2-day) Sample Solution (pH) Test Method Reference

0.2 - 1.0 Spent fuel J-13 (8.4) Immersion Wilson, 1990
- 1/140 for

partially clad fuel

3 X (10 -2 1) U02 NaHCO3 + CaCI2 Flow Through Gray and Wilson,
+Silicic Acid (8.4) 1995

(0.8 - 2.5) x10 U02 Silicate Solution Flow Through Tait, 1997
(Near Neutral)

0.07 Spent fuel Allard Synthetic Immersion Forsyth, 1997
36 (initial, will Groundwater (8.1)

decrease) (2.0)

2.7 Spent fuel J-13 Drip ANL, Finch et al.,
(8.4, down to 3.2) 1999

10 U02 HC03 (3) Flow Through Bruno et al., 1991
(Factor 1/30 Reducing

at pH 3 wrt pH 8)
. 14
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United States Nuclear Regulatory Commission

Wasteform - spent nuclear fuel (SNF)
*The NRC has 4 different models in TPA for SNF dissolution.

*Models based on experimental data for different conditions (model 1 and
model 2), natural analogs (model 3), and secondary mineral formation
[schoepite] (model 4).

*Base case is Model 2 (T=25 to 85 OC, J-13 and carbonate solutions)

*Temperature dependence from spent fuel tests under immersion and flow
through conditions at 25 and 85 OC (Wilson 1990; Gray et al. 1992)

*Two models for SNF surface area: particle and grain.

r = ro exp[-Ea/RT]
Ea=activation energy [kJI/mol]
ro=preexponential coefficient [mg/m2--d]
R=universal gas constant [kJ/mol-K]
T= WP temperature [K] 15
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Wasteform - spent nuclear fuel (SNF)

..........

4 A

W�t

1

0.9

0.8

: 0.7
E.
0)E 0.6
a)
I 0.5
C:

i, 0.4
L03

0.2

0.1

0

d)

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

SNF Degradation Time (yr)
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Wasteform - high-level waste glass*
* Estimated glass dissolution rates can be dependent on many

variables (e.g., glass formulation, testing methods, test conditions)

* MANY experiments completed to determine dissolution rates

* Typical rate expression:

i Rate = S{ k [1,-(Q/K)] } k = ko 1011 pH exp(-Ea/RT)

S - surface area of glass immersed in

solution
k - forward dissolution rate
Q - concentration of dissolved silica
in the solution
K - a quasi-thermodynamic fitting
parameter equal to the apparent
silica saturation value for the glass

k. - intrinsic dissolution rate in g/m2-day
9 - pH dependence coefficient
Ea - activation energy in kJ/mol
R - gas constant (8.314 kJ/mol-K)
T - temperature in Kelvin

* New for TPA 5.0

D

17
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Wasteform - high-level waste glass

1.E-02

Soent Nucle Fuel
1.E-03 -/

1 .E-04 i -~ <GI ass-
1.E-04

1.E-05

1.E-06 -

I1I.E-08

0 20000 40000 60000 80000 100000
Time (yr)
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United States Nuclear Regulatory Commission

Wasteform - cladding

The failure mechanisms of cladding include (i) mechanical
* failure by external forces, (ii) localized corrosion, (iii)

creep, (iv).hydrogen-induced failure, (v) splitting by matrix
volume expansion, (vi) uniform corrosion, (vii) creep, and
(viii) stress corrosion cracking.

* TPA4. lj has a factor (CladdingCorrectionFactor) to
represent the fraction of the spent fuel surface area
protected by cladding.

* CladdingCorrectionFactor is set by the code user for
complete to no protection (can be time dependent in TPA
5.0).

* Approach allows flexibility and ease of use.
19



United States Nuclear Regulatory Commission

Wasteform - cladding

* To assess the performance of spent fuel cladding as a metallic barrier
to radionuclide release is as complicated as assessing the performance
of the waste packages without the flexibility offered by improvements
in design

* Complications arise largely from uncertainties associated with
in-package chemistry. To assess the incidence of localized corrosion
and external stress corrosion cracking, better estimates of
concentrations of chloride, ferric ion, and radiolysis products, as well
as pH, are needed

* To assess the possibility of hydride embrittlement and creep, better
estimates of hoop stresses and temperatures profiles are required for
upper range of fuel burn-ups

20
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Release -and transport out of the package

Advective Transport
* Requires flow out of WPs carrying dissolved<1 radionuclides.
Diffusive Transport (for TPA 5.0)

* Transport out of WP by diffusion in films of
water inside and outside of WP.

* User defines lengths and thickness of films.

* Zero concentration boundary at outer surface of
WP, and solubility limit at terminus of film inside
WP.

21
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United States Nuclear Regulatory Commission

Release and transport out of the package

* Two models for aqueous release of radionuclides are available for
selection by the user: bathtub and flow-through.

* Bathtub can have variable height, modeled as well-stirred tank with
solubility limits applied.

* Flow-through model is the same, but doesn't allow buildup of fluid. The
fraction of fuel wetted is independent:

MoutEi]=Q C[i]

where Q is the water flow rate and C[i] is the concentration of
radionuclide i in solution determined by solubility limits.

* Solubility limits abstraction is based on (i) the likely solid phase
precipitated or coprecipitated and (ii) the chemistry of the fluid that reacts
with the solid phase.

22
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United States Nuclear Regulatory Commission

Release and transport out of the package
* For a number of radioelements (C, Cs, Cl, I, Se, Tc) solubility limits

are set to 1.0 M because no solubility-limiting solids are estimated to
form.

* The range and probability distributions of solubility limits for many
other elements in TPA are based on and elicitation of experts
conducted by DOE in 1993 (Wilson et al., 1994, CWRMS M&O,
1998). o

* The assumptions behind the expert panel' s distributions are:
- the UZ water composition is bounded by that of J-13 well water

and well UE-25p#1.
- the solubility limits are determined by far-field groundwater

environment.
- the environment is oxidizing.

* TPA has a model for transport through the invert (simple
advection/retardation/diffusion model) and a factor .to bypass
transport-through the invert. 23
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Conclusions

* To extent practical, NRC models are "data"-
based

* Based on simple concepts

* TPA provides NRC reviewer' s the flexibility to
complete review considering uncertainty

24
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Backup Slides
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Waste package - uniform corrosion (TPA 5.0)

a Range of corrosion rates will be redefined in TPA 5.0 (mean close to
-4x10-8 A/cm2 (3.9x10-4 mm/yr) at 950C).

* The definition for failure will be reconsidered in TPA 5.0:
- Mechanical damage of partially corroded engineered barriers

(need to consider the Type 316L inner container).
- There is stochastic variability in the corrosion rates that could

produce an irregular corrosion front. More flexibility in the
consideration of distributed failures.

* Refinements in TPA 5.0 are not anticipated to change the conclusion
indicating that waste packages will not breach in 10,000 years solely
due to general corrosion.

26
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Waste package - uniform corrosion
lo-,

cjs

0

0
=U

, 4

:s

U

10-4 .-

1o0 -=

10-6

10-7_

lo- -i

Alloy 22, 95 TC

00.028 M Cl-, pH=8.0
V0.13 M C1-, pH=0.7
c 0.5 M Cl-, pH=8.0
54.0 M Cl-, pH=8.0
* 4.0 M C1-, pH=2.7

,

7-

0---
- __O U--

10-9 I I I I I I I I I

-200 0 200 400 600 800

Potential, mVSCE

Anodic current density of Alloy 22 measured under potentiostatic
conditions for a period of 48 hours. 27
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Waste Package Distributed Failure
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Analysis by Codell et al. (2001 SRA) investigated the impacts on risk of the
conceptual model to represent distributed waste package failure. 28
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Waste package - localized corrosion
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Corrosion potential range shown by dashed lines, localized corrosion only predicted
by the model for temperatures at or above boiling and concentrated solutions.2 9
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Drip shield corrosion (TPA 5.0)

Influence of fluoride on corrosion rate disregarded in TPA Code
Version 4. lj, because:
- Amount of fluoride is possibly limited in Yucca Mountain system

(fluoride forms Ti complexes and it is consumed in the corrosion
reactions).

- A mechanism is needed to accumulate fluoride on the drip shield
surface (water tends runs off the drip shield surface).

Nonetheless, the influence of fluoride on drip shield corrosion rate
will be included in TPA 5.0
- A multiplication factor, function of the fluoride concentration, will

affect the corrosion rate.
Mechanical failure of the drip shield will also be incorporated into
TPA 5.0.
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Drip shield - flouride effects
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Effects of fluoride under passive current density ofTi, Grade 7 in various deaerated
solutions containing chloride, nitrate, and sulfate at 95 C and an applied potential of
of 0 VSCE. 31
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Spent Fuel Dissolution Model Sensitivity Analysis
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