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EXECUTIVE SUMMARY

The Initial Summary Report for Repository/Waste Package (WP) Advanced Conceptual
Design (ACD) is the first in a series of three summary reports to be issued on ACD work. It
is compiled at the request of the Yucca Mountain Site Characterization Office (YMSCO), and
is scheduled to be accepted and available as a controlled document early in Fiscal Year (FY)
1995. An Interim Summary Report and a Final Summary Report on ACD for repository
work will be issued later in FY 1995 and FY 1996 respectively.

This report is structured to comply with the prescribed content in the U.S. Department of
Energy (DOE) Order 4700.1, "Project Management System," and the U.S. Nuclear Regulatory
Commission (NRC) Regulatory Guide 4.17, "Standard Format and Content of Site
Characterization Reports for High-Level Waste Geologic Repositories." It is designed to be a
compendium of information available to date on the ACD of repository and WP development.
As such, the content of this report is presented in condensed version, and in many cases refers
to more detailed documents that are available from the Local Records Center. The intent of
this report is to serve as a current reference source of information on the ACD, and is
reviewed for program technical adequacy, compliance with requirements, interface control,
and project planning and scheduling. The report contains design product contributions from
WP Development, Repository Surface and Subsurface Design, and Systems Engineering
Department sources.

As an initial report, the content of this document reflects the current system-wide project
positions on various issues and design concepts and records, evolving new concepts and
issues which have replaced outdated ones presented in previous reports. Not every section
will appear to contain an equivalent quantity of information due to various factors such as
level of funding, integrated scheduling, and available, to-date information. A few sections
contain no input because no work has been funded in that area, and therefore has not yet been
included in the ACD work performed to date. Sections lacking content will be emphasized in
subsequent ACD summary reports as previously mentioned.

Introduction, Scope, and Methodology (Sections 1 and 2)

Section 1 of the report provides a general introduction as to the purpose and nature of the
document, and how this initial summary report fits into the overall ACD program. Section 2
is dedicated to Scope and Methodology for both this report and the overall Mined Geologic
Disposal System (MGDS) program. Included in that section is a concept of operations
description intended to document a common understanding of how the MODS is expected to
operate. As presented, it is intended to support the MGDS focused ACD effort.

Design Input (Section 3)

Design inputs for this report are derived from controlled sources that are separated into the
major categories as follows:

* Federal, State, and Local Codes and Regulations
Non-Government Documents
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* Project Requirements
* Technical Data and References
* Design Concept Assumptions

The ACD is governed by DOE-prescribed requirements and regulatory documents that are
interpreted and allocated for use in this phase of the project. Technical data approved for use
in design is available in controlled data bases and documents such as the Reference
Information Base containing site-specific values for numeric input and scientific information
derived from data obtained under a qualified quality assurance program. Also influencing the
design is a document containing a set of Controlled Design Assumptions (CDA) that have
been developed and agreed upon by project participants and DOE for the purpose of
expediting the design process. These assumptions represent working solutions to key issues
that must be eventually substantiated, but allow design to progress without the constraint of a
linear sequential approach to logically solved key constraints.

Quality Assurance (Section 4)

Section 4 provides a brief explanation of QA controls applied to the development of this
report. It also mentions the considerations used in determining the application of the QA
designation.

Site Description (Section 5)

Site geology and geoengineering data derived from topography, geology, and site conditions
such as in situ stress and ground water provide the principal bases for determining the
potentially usable repository area. Aspects of site hydrology and geochemistry also influence
repository spacial limits. Current ACD work has focused on the TSw2 thermal/mechanical
unit for siting the repository, as well as the use of geologic strata immediately above and
below the TSw2.

The volume of rock suitable for a repository is defined by overburden thickness. A
subsurface contour map at a depth of 200 m has been developed to verify that all portions of
the repository meet the minimum overburden requirement of 200 m. Lithophysal cavity
content, an important stratigraphic feature of the Topopah Spring Tuff, defines an upper limit
for repository development. Zeolitic tuff intervals are shown on contour maps in relation to
the usable repository area, although the impact of their distribution is uncertain. Lateral
repository limits are discussed in regard to major faults, that is, the Drill Hole Wash
Structure, the Ghost Dance Fault, the Imbricate Fault Zone, and the Solitario Canyon Fault.
Distance from the repository to the ground-water surface can be evaluated by use of a contour
map of the ground-water surface. The occurrence of perched water in some borings at the top
of the TSw3 unit is discussed although the significance of this water has not yet been
determined.

Geoengineering data, notably Rock Quality Designation (RQD), show that avoidance of zones
of low rock quality may not be possible due to the difficulty of predicting lateral and vertical
variability within the Topopah Spring tuff. Mechanical and thermal properties indicate the
potential stability of openings and the suitability for emplacing waste in certain strata.
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Hydrologic considerations are currently related to the configuration of the ground-water
surface. Current consideration of geochemistry has been in. regard to the distribution of
zeolitic tuffs.

Waste Package/Engineered Barrier Development (Section 6)

On October 1, 1992, WP Development moved into the ACD phase of the three-phase design
effort. The results presented in this report are in support of the "Waste Package
Implementation Plan," Yucca Mountain Site Characterization Project, YMP 92-11. The
evaluations and results support the goals of the waste package design and process defined in
the plan.

The ACD is an effort that provides the basis for License Application, Title I, and Title II.
During the ACD a number of Waste Package/Engineered Barrier (WP/EB) System design
options are being developed and evaluated for applicability to the component design,
performance, and MGDS design requirements.

The scientific and engineering data gathered over the past years is the basis on which the
ACD design options and now three distinct concepts are established. A major effort in
developing the WP/EB System options. The EB Segment comprising the emplaced WPs and
any other engineered devices or material required to provide waste isolation. The WP/EB
options were subjected to a parametric evaluation process. The parametric evaluation allowed
the selection of the three distinct WP/EB concepts which are: Multi-Purpose Canister (MPC)
and Disposal Container, Uncanistered Spent Nuclear Fuel (SNF) WP, and defense high level
WP.

The parametric evaluations performed included thermal response of the WP and repository
with respect to a number of variables, including: age of SNF, burnup, initial U-235
enrichment, repository thermal mass loading (Area Mass Loading, AML) and Area Power
Density (APD), drift spacing, WP spacing, properties of the WP and repository material, and
SNF receipt rate, Included in the parametric evaluation was the understanding of long-term
criticality behavior. The parametric evaluations explored many different initial enrichments
and configurations. The results of the evaluation were a major contributor to the
understanding of long-term disposal requirements.

The analytical evaluations of the MPC were a major effort for the WP development staff.
Much of the WP design effort has been focused on the design and response of the repository
to the MPC. For the MPC to be economical for the utilities, the MPC capacity should be as
high as practical. :Maximizing the capacity'of the MPC will cause the thermal output of the
device to be relatively high. The thermal output will cause the MPC to be compatible with
the "Dry" or "Extended Dry" repository thermal load scenarios, but other measures would
need to be taken to make a large capacity MPC compatible with a "Low" thermal load.
Large MPCs in a low thermal load repository will cause the near field temperatures to be in a
highly corrosive zone and accelerate the degradation of the WP if water is present.

BOOOOODOO-01717-5705-00015 Rev. 00 i0/94vi 08129/94



In addition to the parametric thermal and criticality evaluations, a number of engineering
calculations and bases were developed as follows:

* The design basis SNF for thermal and criticality evaluations was defined
* Shielding requirements were developed and evaluated
* Internal thermal variances due to different SNF were explored
* Initial cost estimates for a range of WP sizes were developed
* Material selection criteria were developed
* Fuel rod cladding performance was studied
* Structural response over time was analyzed
* Data were provided for three Systems Studies
* Performance assessment was supported.

The results presented in Section 6, Waste Package Engineered Barrier Development, are
presented in a sequence providing the reader an understanding of the calculations and the
methods by which they were performed. Section 6 is not intended to provide the answers to
all the questions and concerns regarding all the design options, but rather to provide the
guidance needed to continue ACD development activities. Section 6 is structured so that each
subsection can be reviewed individually, i.e., one could look at the thermal evaluations in
Section 6 without having to review another section.

It is suggested that the reader review the following brief descriptions of each section before
continuing.

Advanced Conceptual Design Waste Package Options (Section 6.2)

This section provides a description of the WP options and concepts being evaluated for ACD.
At the start of ACD a range of concepts were developed, from the thin-walled, small capacity
pre-ACD concepts to a variety of multi-barrier design concepts of various sizes and
capacities, including different levels of radiation shielding. Included are metallic and non-
metallic/ceramic barrier concepts. As the ACD process has matured over the past two years,
the options have been narrowed to three ACD design configurations: MPC and Disposal
Container, Uncanistered Fuel Waste Package, and Defense High Level Waste Package. These
concepts are in line with the early 1994 calendar year DOE decision to implement the MPC
system and follow the focused design method.

Design Basis Spent Nuclear Fuel (Section 6.3)

This section provides the process by which a design basis fuel is systematically selected. The
goal is to provide a source term for thermal and neutronic evaluations. The design basis fuel
will influence the capacity (thermal output of the WP), criticality behavior, and shielding
requirements.

The WP must be designed to meet regulatory requirements for, among other things, external
radiation, fuel temperature, and neutron multiplication factor. These performance parameters
are controlled by package capacity, fuel age, burnup, initial enrichment, and several other
design parameters. Since accommodating each of these control measures separately increases
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the cost and complexity of the WP, it is desirable to design only to the most stressing
parameter values (age, burnup, and enrichment) which are likely to be encountered when
filling with expected SNF. These stressing parameter values are used to characterize the
design basis fuel.

The statistical characteristics of the SNF have been compiled for several possible waste
acceptance scenarios. The design basis fuel was generated from these statistical
characteristics covering 90 percent of the SNF with respect to the stressing values of the heat
and criticality parameters combined, assuming the oldest fuel first scenario (OFF). A less
favorable scenario, from the standpoint of the Civilian Radioactive Waste Management
System (CRWMS) Management and Operating Contractor (M&O), is the youngest fuel first
10 years or older (YFF10). The selected design basis fuel parameters only cover 73 percent
of the fuel which would actually be received under the YFF10 scenario.

Fuel Rod Cladding Barrier Life Evaluations (Section 6.4)

This section presents the results concerning SNF rod cladding performance. The SNF rod
cladding is allocated a long-term performance for containment. The initial evaluations
indicate that there are competing processes that cause the cladding to degrade. Relatively,
high temperatures would promote creep, which is thought to be the major contributor to
cladding failure. Cladding models predict a lifespan from a few years to hundreds and
thousands of years. During ACD these models will be developed. It is planned that this
evaluation will yield a time-at-temperature relationship. This relationship can then be applied
to the thermal response of the WP designs and a better fuel rod cladding limit can be
specified. At present, the 350'C temperature-limit is being treated as a fixed limit, whereas in
fact, failure mechanism is a time-at-temperature phenomenon.

Materials Selection (Section 6.5)

This section presents the method by which materials will be selected in support of the
WP/EBS. The selection process is a systematic approach based on component functions,
performance, and design requirements.

Waste Package and Multi-Purpose Canister Thermal Evaluations (Section 6.6)

Many factors contribute to the thermal response of the WP/EBS. Design-basis fuel
characteristics and WP capacity determine the heat produced; materials of construction, basket
design (flux trap or burnup credit), emplacement mode, and tunnel diameter determine the
WP's ability to reject its heat; and thermal loading of the repository determines the
environment around the WP.

The WP/EBS thermal evaluation can be divided into two parts. The first is an analysis of the
far-field repository thermal behavior, and the second is an analysis of the near-field WP
thermal behavior with boundary conditions from the repository analysis. Two finite element

N models were generated representing the repository and the waste package. Both systems
b.' exhibit highly, time-dependent behavior and must be modeled by a transient analysis, unlike a

SNF storage or transportation analysis where steady state conditions can be assumed.
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Long-term thermal behavior of the repository rock is primarily a function of the AML or tons
of SNF emplaced per acre. The repository response is determined more by the integrated heat
from the emplaced SNF and less by the initial heat of the individual WPs. Thus, specifying
an initial APD in kW/acre without specifying the fuel type (average age and burnup) will not
determine the thermal response because the APD will change differently with time depending
on the average fuel characteristics. For a given AML in metric tons of uranium Metric Tons
of Uranium (MTU)/acre and assuming average fuel characteristics, the long-term repository
thermal response is fixed and the average host rock temperatures can be determined and
applied as the environment for a detailed thermal analysis of the WP and near field.

The designs of the WPs must be sufficiently conservative to ensure that when loaded with
SNF they will meet regulatory requirements. It is most efficient to design to the most
stressing values of the parameters (age, burnup, and enrichment) which are likely to be
encountered when loading the WP. The most stressing parameter values are used to
characterize the design basis fuel. The relevant regulatory requirements can be efficiently
satisfied by designing shielding, package size, and neutron absorber material to accommodate
the set of design basis fuel types. The relatively few assemblies having more stressing
parameter values may be handled by derating the standard package and/or by utilizing a more
conservative (and, consequently more expensive) WP. The design basis is currently expressed
in terms of PWR fuel, since it is the more stressing with respect to burnup and initial
enrichment.

Several different WP capacities have been evaluated, but recent interest has centered on the
large multibarrier, drift-emplaced WPs with capacities up to 21 Pressurized Water Reactor
(PWR) assemblies or 40 Boiling Water Reactor (BWR), (PWR assemblies are considered
limiting because of their higher decay heat output compared to BWR assemblies). Higher
capacity WPs are more likely to exceed thermal goals than smaller ones in the same
repository thermal environment. The choice of a design-basis fuel is important because it will
directly limit the number of assemblies that can be loaded into a WP or MPC and still meet
thermal goals; the limiting thermal goal for large WPs is 350C at the SNF cladding. For the
MPC conceptual, design-basis fuel characteristics of 10 years aged with 40 GWd/MTU
burnup, the 21 PWR capacity is considered at or above the maximum allowable temperature
for a metallic multibarrier WP such as the MPC with disposal container.

All these factors affect the timing of peak temperatures as well as the magnitude. Host rock
temperatures will peak between 20 to 500 years depending on the thermal loading but is
largely independent of the individual WP design. The WP will experience its peak
temperature between initial emplacement and the repository peak depending on the design-
basis fuel and the basket/container design. For the large WP,- higher conductivity SNF
baskets will lower and delay the peak temperatures experienced. The choice of the design-
basis fuel is of key importance to the timing of peak temperatures. Younger fuel types
produce high peak temperatures within the first few years, but then temperatures drop off
quickly. Older fuel (at the same APD) produces lower temperatures and later peaks with
more stable and higher long-term temperatures.

Although the parameters of a "Cold Repository" have not been defined, the large WP most
likely would preclude such a scenario because of the potential for localized high temperatures
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immediately surrounding the 21 PWR capacity WP. Preliminary analyses show that even at
low thermal loadings such as 35 kW/acre, near-field temperatures can exceed the boiling
point. For any thermal loading, it is not possible to emplace 63,000 MTU of SNF in Yucca
Mountain without introducing significant thermal perturbations in the host rock.

Structural Evaluation (Section 6.7)

This section presents the structural evaluations that have been performed in the first year of
ACD. Thermal and neutronic concerns dominated the ACD effort, thus only limited
structural evaluations were performed. One of the concerns for drift emplacement is the size
and weight of a rock that would breach the WP. For a WP with about a 120 mm wall
thickness, a structural evaluation indicated that a rock 2.1 meters in diameter falling 2 meters
would just plastically deform the WP but not fail it. Next fiscal year a plastic deformation
evaluation will be performed to define the failure point. Additional evaluations will be
performed for each WP design concept, including end load, slap down, lifting loads, and drop
test.

Neutronics Evaluation (Section 6.8)

The term neutronics is used to refer to both criticality control and radiation shielding safety
evaluations. The two types of evaluations are strongly related but quite different. Section 6.8
presents a discussion of the primary differences, the fuel characteristics used in the different
analyses. The verification of the neutronics computer codes to be used for quality affecting
work is then described. The MGDS methodology for performing the criticality control and
radiation shielding evaluations are presented with the results of the evaluations. After the
description of the criticality control and radiation shielding evaluations, a summary of the past
two year's evaluations and the plans for future neutronics evaluations are presented.

In the area of long-term criticality control for a WP in the MGDS, three important points
have been identified. The first point is that the criticality potential of SNF initially decreases
(out to -200 years) but then increases to a local maximum (at -20,000 years) before decreasing
again. The WPs must be designed for this increase in criticality potential. The second
important point is the removal of neutron absorber materials over the long time periods of
isolation. To maintain criticality control in a disposal WP, extra neutron absorber material
must be included initially to control criticality in the out years. This may require the use of
control panels with B-l0 enriched boron or disposable control rods for some of the high
criticality potential fuel in the current WP designs. Moderator displacement filler material
was examined as an alternative to using enriched boron in control panels, and initial l
indications are that it is an acceptable option. The third important result'is the NRC's
favorable response to the MGDS's criticality evaluation methodology. The MGDS criticality
evaluation methodology entails the dividing of the time of disposal criticality control into
three phases (The Three Phased Approach) and addressing the time phases with different
evaluation methods (deterministic and probablistic).

Three concepts have been evaluated for radiation shielding in the MGDS: (1) shielding outer
barrier, (2) WP shielding sleeve, and (3) emplacement transporter shield. The evaluation
demonstrated that the reusable, shielded WP emplacement transporter is more efficient and
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qualitatively more cost effective than a self-shielding WP, shielding outer barrier or shielding
sleeve. Areas of possible performance concern were also identified for the shielding sleeve
concept.

In addition to the results identified above, another important point that has been identified is
that additional neutronics evaluations are needed. The major additional evaluation identified
is the neutronics evaluations of the WP and MPC vendor design concepts with the design-
basis SNF characteristics. For criticality control the following evaluations are needed: the
amount of water in the WP necessary for criticality, the effect of varying axial burnups,
mixing of SNF assemblies with different SNF characteristics in a WP, and the depletion of
the materials in the fuel over the long time period. For radiation shielding the following
evaluation are needed: detailed two- or three-dimensional evaluations of each WP design,
detailed evaluations of the operations mode chosen on the basis of these scoping calculations,
and evaluations of neutron activation of the WP components and engineered barriers in the
MGDS by the subcritical neutron flux over the time of operation. The operations mode
evaluations will include calculations of shield door thicknesses, "safe" distances from open
shield doors, and other similar calculations. The neutron activation of cobalt impurities found
in the stainless steel of the new ACD designs is especially important due to the high strength
gamma dose from the activated cobalt-60.

Waste Package Risk Analysis (Section 6.9)

The WP risk analysis consists of: (1) estimating the effects of hazards on WP integrity and
(2) identifying the immediate consequences of breaches of that integrity. These analyses are
strongly dependent on parameters of the WP environment and on the performance of WP
materials when exposed to likely hazards over the entire waste isolation period. A
preliminary analysis has been conducted to demonstrate the methodology by applying it to the
risk of criticality. The environmental parameters are based on the current state of knowledge.
As the site characterization process improves the accuracy forecast of WP environmental
parameters, and as the testing of WP materials and waste forms increases the accuracy of
forecast of long term WP integrity, these risk analyses will be recomputed.

Performance Analysis (Section 6.10)

This section defines the performance requirements imposed on the WP. The WP designs are
based on the goal of substantially complete containment for 1000 years, with predictable
release rates thereafter. Therefore, the design process is driven by the long term stability of
the materials and structure. In fact Design, Material, and Performance are seen as a triad that
must work in harmony for the licensing of the EB System to occur.

Surface Repository Design Description (Section 7)

Surface repository advanced conceptual design has been constrained to date by a lack of
funding and subsequent work scope. Limited information has been developed in critical
interest areas such as the Waste Handling Building (WHB), which is a focal point of a
radiologically important area. The concepts surrounding the design of this facility form key
elements in the consideration of ancillary structures and supporting systems. The current
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concept of the WHB has been developed through computer simulations of WHB operations.
Computer simulations help design the WHB-for realistic conditions of operations-something
quite difficult to achieve with manual and purely mathematical calculations.

The WHB may receive shipments of several different waste forms simultaneously. Waste
arrives in casks with different operational features, such as on-carrier or off-carrier storage of
personnel barriers and impact limiters. Shipments may come by rail or on truck. Each
shipment has a different capacity. Each shipment competes with others for limited resources.
Resources suffer breakdowns or simply go off line routinely for preventive maintenance.
Some operations occur in series; others occur in parallel. Some shipments undergo lengthy
operations such as weeping decontamination; other shipments move swiftly through the
facility.

All these conditions--realistic conditions of operations--make it difficult for manual
calculations to accurately size and optimize the WHB's resources. Computer simulation, on
the other hand, takes all these realistic conditions into account. Therefore, computer
simulations have been relied on extensively for development of the current concept of the
WHB.

The computer simulations were developed as follows:

A. Detailed operations flow charts were developed. Flow charting is a superior method of
sequencing operations than mere listings. The operations flow charts of the current
concept show what operations occur when, for how long, and what resources the
operations tie up. Serial and parallel operations are clearly marked. The flow charts
also show decision points, the outcome of the decisions, and the probabilities of the
outcome. The probabilities are based on field data: for example, field data, reported in
a paper based on data collected on actual cask shipments suggests that the probability of
a cask arriving weeping is 8 percent. The field data are reflected in the flow charts.
Similarly, the mean time between failures and mean time to repair for key resources
such as cranes, prime movers, etc., has been collected from existing DOE nuclear
installations and put into the flow charts and simulations. An appendix shows the WHB
operations flow charts for the current concepts. The overall layout of the operations
flow charts is shown in figures contained in Section 7 of this report.

B. The operations flow charts helped develop the computer simulation. The simulation is
developed with an off-the-shelf, commercially available simulation software called
Slamsystem. The simulation developed is reviewed by systems modeling professionals
per quality administrative procedure QAP-3-5. The review ensures that: (1) the
simulation follows the logic of the operations flow charts; (2) operational durations and
decision probabilities in the simulation are the same as in the flow charts; and (3) all
materials are accounted for: that is, a cask that enters the facility does indeed exit or is
otherwise accounted for, and likewise for each waste form. The current concepts of the
WHB are derived from this simulation effort.
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Subsurface Repository Design Description (Section 8)

Section 8 of the Initial ACD Summary Report presents a compilation of all major repository
subsurface design elements examined to-date during ACD, as well as selected key design
concepts.

Major topics addressed in Section 8 begin in Section 8.1 with the historical and baseline
status of repository subsurface layouts, particularly as the current design concepts are
applicable to MPC-based WPs and as they interface with the Exploratory Studies Facility
(ESF).

Geoengineering considerations applicable to subsurface design are presented in Section 8.2
with the major emphasis on repository storage horizon selection as it relates to drift
constructibility by mechanical excavation and the favorable orientation of drifts for opening
stability based upon joint set trends.

Repository thermal loading considerations are summarized in Section 8.3 and first include the
status of YMP thermal "goals" or limits that have been established. Next, the development of
a subsurface thermal loading strategy is hypothesized based upon the study of several thermal
loading approaches to WP and drift spacing. The development of such a strategy is believed
to be necessary early in ACD. The purpose of a strategy would be to realistically address the
variable heat output characteristics of the waste stream on both a short and long term basis
and to assure that sufficient flexibility is available in maturing subsurface ACD layout
concepts to accommodate both a high or low thermal loading scenario until a thermal loading
decision can be made. The subjects of the standoff necessary from repository accesses to the
emplacement area is addressed briefly. Also included is a summary of current thermal and
hydrothermal modeling activities being performed in support of thermal loading evaluations,
and a discussion of their limitations is included.

Excavation techniques for a potential repository are discussed in Section 8.4 noting a
distinction is made between methods and equipment suitable as tools for either primary or
secondary excavations. The emphasis presented in the report is on mechanical excavation and
includes a summary of the historical basis for a YMP shift from early drill-and-blast concepts
to the current favored approach using mechanical methods wherever practical.

Emplacement concepts applicable to an MPC-based WP and examined to-date are presented
in Section 8.5. Included is mention of previously considered concepts of vertical and
horizontal borehole emplacement which are applicable to relatively small, light WPs. Recent
direction from DOE has focused on the use of large, heavy MPCs which cannot be efficiently
emplaced as previously conceived. This section presents various options for emplacing MPCs
including package handling and spatial configuration of the various options.

Section 8.6 gives an overview of the repository subsurface layout. Layout features and design
objectives are described along with alternative configurations that include ancillary support
openings designed to service the individual layouts. Considered in each alternative is the
provision for Tunnel Boring Machine (TBM) launch areas, waste handling main(s), service
drifting, and interfaces with ventilation requirements.
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Provided in Section 8.7 is a description of subsurface operations that includes both
development and operations modes. Development of the emplacement and service openings
is critical in its ability to excavate in an efficient and timely sequence in order to provide
adequate space for emplacement, utility functions, and the movement of personnel and
materials. Quite separately, the operations mode of subsurface activities emphasizes the
activity of waste emplacement which must be supported by separate utilities, ventilation
systems, service systems, and subsurface access. The equipment, radiological considerations,
and interfacing of activities is described as it is envisioned in a reference layout.

The critically important element of subsurface ventilation is described in Section 8.8 which
presents concepts on quality and quantity of air distribution for both development and
emplacement operations. Air flow patterns are presented as would be applied to alternate
layouts, and general ventilation concepts are given for air movement, control, heating and
cooling, and emergency/escape conditions.

Section 8.9 addresses the major subsurface drainage patterns for the interim layout and briefly
discusses the collection of water in both the repository emplacement and development sides.

Section 8.10 discusses the need for future reevaluation of the location and type of subsurface
support facilities such as warehousing and maintenance facilities based upon significant
changes made in the areas of equipment type and subsurface transportation corridors.
Primary types of utilities to support both emplacement and development side operations are
summarized as well as their corridors for routing into the subsurface repository.

The net area available for the emplacement of 70,000 MTU of waste in the upper and lower
blocks of the primary area are presented in Section 8.11. The highest AML possible with and
without contingencies for potential loss of disposal area are presented. For a low thermal
load, limitations on the total amount of waste that can be emplaced in the primary area are
discussed.

Major considerations relative to retrieval of emplaced waste are summarized in Section 8.12
and include the regulatory requirements and reasons for retrieval. Other potential reasons for
retrieval, such as selective retrieval for performance confirmation are discussed as well as
possible design strategies and philosophies addressing the various aspects of retrieval. A
"first-cut", and preliminary, qualitative analysis and flow of both normal and abnormal
retrieval operations applicable to in-drift emplacement of MPC-based WPs are presented.
Retrieval equipment considerations, both mobile and fixed are discussed, primarily as they
relate to the period of retrievability and when retrieval could occur during that period. The
ventilation aspects associated with emplacement drift cooling operations are discussed and
two significantly different strategies are summarized.

It should be noted that a number of potential elements associated with the subsurface
Geologic Repository Operations Area (GROA) are yet to be addressed in ACD to a
significant level of detail. Notable examples include: radiological safety and remote
operational aspects associated with critical operating structures, systems, and components--

vi well as the investigation and determination of credible abnormal events and accident
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scenarios--both during emplacement and retrieval operations. All of these elements will
significantly influence future ACD concepts.

Reference Conceptual Repository Design (Section 8.1)

An early conceptual design of a potential, high-level nuclear waste repository at Yucca
Mountain was prepared in support of site characterization planning and was presented with
the Site Characterization Plan-Conceptual Design Report (SCP-CDR). The configuration of
this layout was based upon emplacement of single-purpose, canister-based WPs and used the
vertical emplacement mode, as well as the alternative using a horizontal emplacement mode.

A later report, the "Exploratory Studies Facility Alternatives Study (ESFAS) (SNL 199 la),"
evaluated 34 different, integrated ESF/repository configurations. The study concluded that the
alternative identified as Option 30 facilitated the use of a TBM as a primary excavation tool
and was most preferred, based on a multi-attribute decision analysis that considered waste-
isolation, operability, programmatic, and other features of the various designs. Option 30 was
later modified to move the dedicated main test level (MTL) area from the southeast to the
northeast corner of the repository footprint and to include an optional shaft for site
characterization purposes. The resulting layout was called "Modified Option 30."

The Modified Option 30 layout became the starting point used to develop a reference design
concept. The development process stressed the need to pursue consideration of other
ESFlRepository layouts that incorporate all of the favorable waste-isolation design features
identified in the ESFAS. A revision to the slopes of the north ramp and main drift was made
during ESF Title I design and was based upon reevaluation of the TSwl/TSw2 geologic
contact in drillhole cores, which allowed the entry point to be raised. The configuration of
the ESF and the potential repository, in plan view, was more or less unaffected by the change
in elevation at the entry point.

An enhanced ESF layout that offers numerous advantages to the YMP, was developed by the
CRWMS M&O in 1993 and has been submitted to and accepted by the YMP Change Control
Board. The document which advanced this layout is entitled, "Description and Rationale for
Enhancement to the Baseline ESF Configuration," and proposes changes that are consistent
with recommendations made in the above mentioned bridge document. Additionally, the
repository subsurface design group completed a repository conceptual design report entitled,
"Repository Subsurface Layout Options and ESF Interface," that was submitted to the DOE in
December 1993. That report described various operational elements and features of the
conceptual repository layout that was both compatible with emplacement of MPC-based WPs
and presented with the proposed ESF reconfiguration. A new set of ESF/potential repository
interface drawings was developed and submitted to DOE in February 1994 that brought
forward results from the 1993 conceptual repository design. These drawings have been
baselined and provide an interim reference for ongoing ESF Title II design.

Layout concepts presented in this report are considered to be refinements to the baselined
repository configuration mentioned in the preceding paragraph. Primary reasons for these
refinements are the use of the Lynx geologic model to define the position of the TSw2 rock
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unit, as well as the location of major faults, and more in-depth evaluations of emplacement
operations and equipment.

Geoengineering Considerations (Section 8.2)

Selection of the boundaries of the potential repository storage horizon, currently generally
defined by the TSw2 thermomechanical rock unit, is based upon a combination of factors
which include excavation constructibility and performance considerations as well as thermal,
geologic, and geomechanical properties and characteristics of the formation. In addition,
repository storage horizon boundaries are currently generally defined by a 200-meter
overburden requirement, a 60-meter standoff from presumed Type I faults, and a 120-meter
standoff on the west side of the Ghost Dance fault.

Observations during excavation of the ESF North Ramp TBM starter tunnel indicate that
drilling holes and placing rock bolts are more difficult in ground containing lithophysae
cavities. In addition, the starter tunnel work indicates that long-term maintenance of openings
may be increased by ground with significant lithophysae. Based on the ESF experience, there
appear to be construction and operational advantages to locating underground openings as
well as ground support elements in tuff that contains few or no lithophysal cavities.
Therefore, a main goal in the definition of the horizon is to locate openings and ground
support elements in tuff strata containing less than approximately 10 percent by volume
lithophysal cavities. Indications are that the base of strata containing greater than 10 percent
lithophysal cavities ranges from 12 to 49 m above the U.S. Geological Survey (USGS)

y\, lithostratigraphic contact, and extensive zones of significantly high cavity content do not
occur within the TSw2, which rarely contains greater than 5 percent lithophysal cavities.

In addition to the 200-meter overburden requirement the upper boundary of the horizon is
defined by a standoff of 5 m below the base of the TSwl zone containing significantly
greater than 10 percent lithophysal cavities. Current data are insufficient to create a well
defined base of the "greater than 10 percent" zone throughout the primary area; however, in
the northern part of the primary area, this surface ranges from 24 to 49 m while at the
southern end the surface is 12 m above the TSwlfTSw2 contact.

When considering the lower limits of the storage horizon, there is no evidence to preclude
successful excavation of openings in the TSw3, since there are no lithophysal cavities in the
TSw3 and rock quality values are consistently rated fair or better. However, since the CHnl
unit underlies the TSw3 and is of relatively low strength, it is considered prudent for
excavation stability to establish a minimum standoff requirement from the CHn 1 to provide
ground of sufficient strength and thickness. Therefore, a standoff of 5 m is selected for this
purpose. A lower limit is also defined by a thermal load standoff from the TSw3 that is yet
to be determined, since the required distance depends on repository thermal load,
emplacement mode, and overall repository configuration.

Other thermal criteria used in establishing the storage horizon are based on a thermal "goal"
that limits the temperature of the TSw3 unit to ensure that zeolites contained in that and

K.> lower strata are not altered. The same temperature limit applies to the CHn unit, but because
the CHn is deeper than the TSw3, it is not as critical. For thermal loads ranging between 90
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to 114 kW/acre, the critical distance to the top of the TSw3 to meet the thermal goal ranges
from 40 to 60 m. The influence of repository "edge effects" which serve to reduce
temperatures at the boundaries of an emplacement area may lessen the impact of this
criterion.

From a constructible standpoint, there are no empirical data yet available on the performance
of TBM driven tunnels in the tuff at Yucca Mountain. Excavation of the TS North Ramp
will provide the first information of this sort. Thus, the relationship between rock quality, as
evidenced by commonly used rock classification parameters, and the behavior of openings has
not been determined. Within the TSw2, there also does not appear to be continuous zones or
strata of uniform rock quality that could be used to define appropriate repository boundaries.

Additional criterion, not yet evaluated, will study the presence of perched ground water at the
top of the TSw3 unit. A hydrologic assessment is required to determine the impact of the
perched ground-water condition on repository development.

Joints are abundant in the rock mass at Yucca Mountain, especially in the densely welded tuff
of the Topopah Spring Member, as indicated by rock classification data. However, since the
state of stress at the proposed repository horizon is relatively low, jointing is expected to
control the mode of deformation of the underground openings. When considering the
orientation of repository drifts, unfavorable drift alignments with respect to major structural
features can produce, in varying degrees of severity, depending upon the structure and drift
orientations and the rock quality, such things as unstable wedges and blocks, an irregular
profile due to overbreak, and drift sidewall buckling (slabbing). A smooth, circular opening
profile produced by a TBM can help to minimize the impact of such features compared to
openings created by drill-and-blast methods. To minimize the potential impacts of structural
features on opening stability, a preliminary criterion has been established where the preferred
drift alignment is one that makes an angle of at least 30 degrees with the dominate joint
orientations. Applying the 30 degrees standoff, the most favorable drift alignments based on
joint set trends are between N70 degrees W and S75 degrees W.

Thennal Considerations (Section 8.3)

A potential repository must comply with certain performance standards for both postclosure
and preclosure, and meet the performance goals established in the regulations. However,
early in the design stages it is difficult, if not impossible, to predict the complete performance
of the system due to lack of mature ("validated") predictive models and adequate test data.
The SCP attempted to define surrogate criteria that could be used to establish performance of
the potential repository, one set of which included the development of a set of thermal "goals"
or limits. The goals were developed from knowledge existing at the time and, as a reference
case, emphasized performance for waste emplacement in a vertical borehole.

Since that time, new knowledge (data and theories) has become available and additional
analyses of thermal loading have been performed. Additionally, other emplacement modes
such as in-drift emplacement are being considered to accommodate MPC-based WPs. New
concepts such as "extended hot" are also being considered as possible methods to achieve
improved waste isolation. To address these matters, the thermal goals established in the SCP
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were reevaluated by a working group of experts established by the DOEfYMSCO. The
evaluation was necessary because some of the original SCP goals were no longer applicable
to an MPC-based WP, no longer afforded compatibility with any emplacement mode, and in
one particular case, were judged not to be sufficiently conservative. Additionally, and
probably more important, is that based on the evaluation, additional tests and analyses were
recommended to reduce the uncertainty associated with some of these goals. A synopsis of
the current thermal "goals" or limits is presented in Table 8.3.1-1.

A great deal of work has been performed by various program participants to analyze and
develop a thermal loading strategy for Yucca Mountain. Common units of measure used by
original investigators included APD, or a synonymous term, Areal Thermal Loading (ATL).
However, the APD/ATL approach has several shortcomings, primarily because it does not
address the wide variability in the thermal characteristics (heat output) of the waste stream.
Taking into account two independent variables, fuel age and burnup, together with variable
MPC-based WP capacities ranging from approximately 3.8 to 9.0 MTU, results in initial heat
outputs at the time of emplacement that could vary from about 0.5 to more than 25 kW per
package. Using a constant emplacement drift spacing, and spacing the WPs in the drift
according to their initial heat output (the APD or ATL approach) would result in non-uniform
thermal conditions in the repository after a relatively short period of time.

The AML method recognizes that WP heat output will be nearly the same after several
hundred years for packages containing equal amounts of waste. This suggests package
spacings be based only on MTU content in order to provide more uniform thermal conditions
over the long-term performance period. The difficulty with the AML approach is that it does
not address the short-term problem of young, and/or high burnup, high-initial-heat-output
waste that might exceed near-field thermal limits if spaced the same as cooler fuel of the
same MTU content.

Another thermal loading approach is to use the total heat energy produced by a WP over
given lengths of time as the "yardstick" from which package spacings can be derived.
Termed the Equivalent Energy Density (EED) concept in Appendix G of the SCP-CDR, this
method has promise to be a reasonable compromise between the APDIATL and the AML
approaches. Key elements of concern using the EED method is the time, or "deposition
period" over which the total thermal output is to be considered that will provide an acceptable
compromise between short- and long-term performance goals.

A hypothetical comparison, summarized in Table 8.3.2-1, is made of WP spacings using the
APD/ATL, AML, and EED approaches, and in the case of the EED concept varying
deposition periods. In that table, 21 PWR packages of differing initial heat outputs are
compared assuming a constant drift spacing of 22.5 meters. The table shows a significant
difference between package spacings derived using the AML approach and those obtained
using the EED approach.

There is insufficient understanding regarding the long-term performance ramifications of
higher versus lower thermal loading strategies to go forward with repository ACD using a

x~..i single approach at this time. Therefore, current YMP design assumptions dictate two
different thermal loading strategies for Yucca Mountain. One, a "hot" or "above-boiling"
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case, is represented by higher loads in the range of 80 to 100 MTU/acre. For average-age,
average-burnup PWR spent fuel, this range of mass loading is equivalent to 91 to 114
kW/acre ATL/APD at the time of emplacement. The alternative, or "low thermal load" case,
is defined as mass loadings in the range of 25 to 35 MTU/acre, equivalent to 28 to 40
kW/acre ATLJAPD at the time of emplacement for the average PWR fuel.

For a 70,000 MTU total waste inventory, the net subsurface emplacement area required for
the 80 to 100 MTU/acre high-loading case would be 875 to 700 acres. The net emplacement
area required for the 25 to 35 MTU/acre lower loading case would be 2,800 to 2,000 acres.
This is far in excess of the area that can logically be developed within the confines of the
primary area--about 4,649,000 square meters (approximately 1150 acres). Implications are
that the primary area could accommodate only about 40 to 50 percent of the 70,000 MTU
inventory if the lower thermal load strategy is adopted unless a facility is constructed to age
the fuel prior to emplacement.

Several items are hypothesized from the results of the comparison of thermal loading
approaches: (1) it may be desirable to "manage" the thermal environment during the
operational period by moving the packages closer together prior to repository closure, (2) it
may be desirable to maintain a close enough emplacement drift spacing so that geometric
considerations such as package length do not limit the loading to a value lower than what
might otherwise be desirable, (3) it is impractical to vary emplacement drift spacing in order
to achieve a particular thermal loading strategy, (4) it may be desirable to vary the
emplacement density so that higher thermal loads exist at the edges of the emplacement area
(relative to the center) in order to mitigate effects associated with edge cooling, (5) a sizeable
lag storage facility may be required because of waste heat output variability, and (6) the
package spacing/drift spacing combination preferred for a higher thermal repository are very
different than those judged suitable for a lower thermal load repository. A delayed thermal
loading decision may require that, initially, drifts are excavated at the high-loading spacing,
but only every other drift is actually emplaced with waste in order to simulate a low-loading
thermal environment, and (7) regardless of the thermal load determined to be appropriate for
Yucca Mountain, it is important to adopt an approach toward derivation of WP spacing that is
consistent between various investigators and that also addresses the entire range of potential
WP thermal characteristics.

The concept of a buffer around the emplacement area is also briefly discussed. Defined as
the distance that WPs are set back from the nearest accessway, a "standoff distance' is
desirable in order to limit the maximum rock temperature in access drifts. In addition to this,
the standoff also serves as a radiation buffer between packages emplaced in the open
emplacement drift and personnel working in the access drift, supplementing the shielding
afforded by a radiation door or other fixture situated across the end of the emplacement drift.
To date, standoff distances for in-drift emplacement have not been evaluated. For purposes of
this initial report, a standoff distance of 35 m based solely upon temperature considerations, is
used.

Various thermal and hydrothermal models that have been used by participating YMP
organizations are summarized. The main difference between the various analyses is from the
interpretation of model results, i.e.; in generalizing the repository-scale results to near-field
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conditions, and in assuming the validity of the equivalent continuum and other simplifying
assumptions. There are, however, limits to the applicability of computationally convenient,
equivalent-continuum based, repository-scale, two-dimensional axisymmetric models of heat
and fluid flow at Yucca Mountain. It is possible that these limits may have already been
reached particularly in view of the schedule for site suitability determination in the Proposed
Program Approach. Assuming heater test results may not be available in the time frame of
interest (and in any case, they could be inconclusive), there is an urgent need to carefully
design the next generation of numerical analysis addressing thermohydrological performance.

Excavation Methods and Equipment (Section 8.4)

Early repository conceptual design studies such as those reported in the SCP-CDR, focused on
the use of traditional drill/blast techniques for repository emplacement drift and panel access
drift excavation. In the SCP-CDR, the use of mechanical excavation techniques (the TBM)
was limited to the main access ramps and drifts and the perimeter ventilation drifts.
Comments and concerns expressed by the NRC and the Nuclear Waste Technical Review
Board, and others, regarding the large-scale use of drill/blast excavation concepts resulted in a
programmatic shift toward emphasizing the use of mechanical excavation techniques for
practically all areas of repository subsurface design. As a result of these concerns, the TBM
is now considered to be the preferred, primary method of excavation because of its potential
for excavation efficiency in a wide variety of opening size ranges and because these machines
produce relatively smooth excavated surfaces with minimal rock damage.

Compared with drill-and-blast methods, flexibility for development of alternative subsurface
layouts is somewhat limited, using TBM designs currently produced by most major
manufacturers, because of the machine and backup system's inability to make sharp or short-
radius turns, and because of difficulties associated with moving the TBM intact from one
location to another. Another potential disadvantage of using TBMs is that the primary
function that a subsurface opening must accommodate may not conform to the circular cross-
section produced by a TBM. Consequently, portions of an opening excavated using a TBM
may have to be enlarged, or otherwise modified to accommodate the intended purpose.
However, the benefits of using a TBM for the development of a repository at Yucca
Mountain far outweigh any potential disadvantages.

For secondary excavations within a potential repository, limitations on the flexibility and
maneuverability of TBMs create a need for smaller, more mobile, excavation equipment. A
road-header, which is a machine commonly used in underground mining and tunneling
operations, offers the flexibility needed. However, the physical properties of the TSw2 rock
unit would require a machine with capabilities that, at the present time, go beyond or are just
at the edge of conventional heavy-duty commercial roadheader technology. Other machines
more suitable for cutting the TSw2 unit are commercially available, and include the Robbins
Mobile Miner, but the Mobile Miner's size and weight limit mobility and make its use
questionable as a machine for secondary excavation.

A promising development is underway at the Colorado School of Mines (CSM) research
Y facility that may result in secondary, mechanical excavation tools that are useful for

repository development and that are targeted toward cutting the higher strength rocks typical
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of the TSw2 unit. The CSM researchers have designed and tested a small diameter disc-type
cutter, termed the "mini-disc." Mini-disc cutters would be mounted on both the face and sides
of a rotating head to permit cutting in both a sumping mode and in a slewing mode. A
conceptual design has also been developed for an "alcove miner" which can be transported on
a railcar and set up to excavate alcoves of various dimensions starting from a 7.6 meter
diameter drift. The alcove miner would be outfitted with the mini-disk cutterhead.
Preliminary designs for adapting the mini-disc cutter to a roadheader cutterhead are also being
investigated; results so far look very promising. This work is being performed in support of,
and under a contract funded by the YMP.

Some boring machines use rock fragmentation techniques similar to a TBM but differ in their
method of applying thrust to the cutting head. An example of where such machines can be
applied for repository excavation is shaft construction. The Wirth V-mole is a machine that
is considered potentially applicable; however, given the emphasis on minimizing the
introduction of water into the repository during construction and limited historical success in
dry muck removal from blind shaft boring operations, use of the V-mole in a pilot bore and
ream shaft construction mode is considered to be most viable. Several other shaft reaming
machines, which in principle, operate similarly to the V-mole, are also considered applicable
if shaft diameters do not exceed approximately 6 to 7 m. These machines use a drill string to
provide vertical, and in some cases, circular movement of the cutting head.

While mechanized excavation will undoubtedly retain favor as the preferred, principal
repository excavation method, there is still the possibility that specific applications will favor
the drill/blast technique because of its flexibility and its suitability in creating custom
excavation shapes or profiles. Some potential applications of the drill/blast method include
invert excavation to obtain a squared off floor, TBM launch chambers, specific test room
alcoves, subsurface shops and utility room alcoves, ventilation or utility raises, and shaft
sump excavation. The state-of-the-art using controlled blasting has developed to a point that
allows the excavation of fairly precise openings using closely spaced, accurately drilled holes
in a pattern that reduces wall rock damaging fractures.

Other traditional as well as novel techniques to potentially accomplish minor excavations
include the Penetrating Cone Fracture (PCF) method, drilling and hydraulic splitting, drilling
and chemical agent splitting, ultra-high pressure water jet cutting, or a technique using drilling
and a splitting system known as the "Core Cracker."

Waste Emplacement Concepts and Considerations (Section 8.5)

Two major waste emplacement concepts were considered in the SCP-CD past conceptual
repository design studies: vertical borehole, horizontal borehole, both for the SCP-CD. More
recently, one of the most significant changes affecting emplacement is the adoption of MPC-
based WPs containing as many as 21 PWR or 40 BWR SNF assemblies. Six general
alternative concepts that are applicable to emplacement of MPC-based WPs have been given
preliminary consideration in ACD, and their general configurations can be divided into two
broad categories: in-drift and alcove. The six configurations are depicted in Figure 8.5.1-1
with general advantages and disadvantages for each of the six concepts summarized in Table
8.5.1-1.

BOOOOOOOO-01717-5705-00015 Rev. 00 019908/29194



For the emplacement of large, MPC-based WPs, the diameter of the emplacement drift must
be sufficient to provide adequate surface area to allow for effective transfer of heat radiated
from the WP. Preliminary thermal analyses have indicated that a 4.3 meter minimum
diameter drift is needed, assuming average 21 PWR fuel characteristics.

In-drift emplacement concepts currently use two variations or modes relating to how the WP
is emplaced. One variation includes placement of the WP resting on a permanently emplaced
rail cart. This configuration is termed "In-Small-Drift-on-Rail" (ISDOR). The second
variation places the WP on a permanent pedestal and is termed "In-Small-Drift-on-Pedestal"
(ISDOP). The ISDOR concept utilizes rail systems for emplacement of WPs on permanent
railbound carriers in the emplacement drift. The ISDOP concept places WPs on permanent
pedestals that are prepositioned in the drift. The method of WP support has an influence on
the drift diameter due to the type of emplacement equipment that must be used.

Alcove emplacement is an alternative that is somewhat analogous to the horizontal borehole
mode of the SCP-CD; although, a direct comparison for emplacement of a large MPC-based
WP is misleading. Emplacement of WPs in an alcove is not currently a key YMP
assumption; however, this concept is being examined to meet requirements such as those
mandated by 10 CFR 60 regarding identification and justification for the selection of variables
that are determined to be probable subjects of license applications. The most significant
conclusion that can be drawn from the study of alcove emplacement is that a key YMP
assumption to develop a surface/subsurface configuration that will accommodate a high
thermal load (80 to 100 MTU/Acre, 91 to 114 kW/Acre) cannot reasonably be met for the full
range with alcove emplacement because of current YMP assumptions regarding excavation
extraction ratio and common limitations on minimum pillar width.

Consistent with current YMP assumptions, in-drift emplacement in a horizontal mode is used
as the basis for repository layout and emplacement operations discussions in later, sections of
this report. It is recognized that final selection of an emplacement mode during ACD
requires a more comprehensive evaluation. Rather than adopt a particular variation of the
general in-drift concept at this time, it is suggested that an emplacement drift diameter be
selected for use in ongoing ACD work that is as small as practical. Indications are that a
5.0 m diameter drift would meet this purpose and is used as the layout basis in this report.

Repository Subsurface Layout (Section 8.6)

Two layout configurations using in-drift emplacement as their basis are presented, termed
Option I and Option 11. Option I is considered a refinement of a layout developed in FY
1993 in conjunction with work to develop and baseline an enhanced ESF configuration.
Later, in early FY 1994, that layout was submitted to the DOE as a set of six ESF/Repository
interface drawings, which are currently in the process of being baselined. Layout
refinements made in Option I use the Lynx geologic model, whereas earlier work was based
upon the Interactive Graphics Information System model developed by Sandia National
Laboratories. Other refinements were made based upon the drift spacing approach outlined in
Section 8.3 of the report, and the larger diameter emplacement drifts. The Option I layout

K> uses as its basis, 28 assumptions outlined in the report that will require verification as the site
characterization and ACD programs develop.
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Option II is a variation primarily in the method in which emplacement drifts are configured
and has been developed with a twofold purpose. The first purpose was to maintain many of
the key design aspects associated with the Option I layout. The second purpose of the Option
II concept was to develop a configuration that would offer significantly different approaches
to several key aspects associated with Option I. Presentation of such differences may also be
useful to serve as a vehicle to reinforce the final selection of one particular concept over
another.

An objective comparison of all aspects of the Options I or II layouts has not been made at
this time. In addition, many design aspects of Option II have not been developed to the same
level of detail or refinement as Option I. Lacking this work, and because it is felt that the
Option I layout has been sufficiently refined to establish it as a workable concept that
maintains linkage with current ESF design, the Option I layout is used as the representative
case under the terminology "Interim Layout," and is used as the basis for various discussions
and descriptions presented in this report.

The interim (Option I) layout is shown in Figure 8.6.3-1 and develops the primary area to the
fullest extent logically possible using "upper" and "lower" emplacement blocks. Its basis for
location within the TSw2 thermomechanical rock unit was described in Section 8.2. For the
purposes of describing the layout, the upper block is inferred.

The interim layout includes two ramps and two shafts to facilitate access and ventilation into
the emplacement horizon. The two ramps, TS North and TS South, are the ramps currently
planned to be constructed as a part of the ESF and are 7.62 m diameter. When converted
over for use in the repository, the North Ramp will be used for waste transport and will be
the primary intake airway into the emplacement side of the repository. The South Ramp will
be used as access and the muck handling route, as well as the primary intake airway for the
development side. A 4.1 m lined diameter shaft is used as the primary exhaust airway for the
development side. A 6.1 m lined diameter shaft functions as the exhaust airway for the
emplacement side.

Two 7.62 m diameter ramp extensions are also provided, one off of the NQrth and one off of
the South Ramp. The extensions will cut across the upper emplacement block in a general
east-west trending direction and may potentially be excavated during site characterization.
They are planned to support future potential repository operations in varying degrees.

A 7.62 m diameter service main would be excavated during site characterization (for the
upper block) where it is called the "TS Main Drift" or the "North-South Drift." A short
section of service main is also located in the southwest corner of the upper potential
emplacement block. During repository operations, the service main would function as the
primary, on-block accessway for development operations personnel, equipment, materials and
muck haulage, and would provide space for utilities installation.

A 9.0 m diameter TBM launch main/waste handling main is oriented parallel to the service
main, and the two are interconnected by crosscuts at each emplacement drift location. The
size of the main has been increased from early 7.62 m diameter versions because of the
greater length of MPC-based WPs relative to the multibarrier package concept used in the
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previous work (5.6 meters versus 5.0 meters) and because of the adoption of 5.0 meter
diameter emplacement drifts in lieu the 4.3 meter diameter drifts, discussed earlier. The
function of this main in development operations would be to provide space for launching
TBMs. It is conceivable that the service main could provide this function, thereby
eliminating the need for construction of an additional large diameter opening. In
emplacement operations, this main would serve as the primary, on-block waste handling drift
on the emplacement side of the repository.

A 9.0 m diameter perimeter ventilation main functions as a primary ventilation airway in both
development and emplacement operations. As with the launch main, the diameter of this drift
has been increased for the same reasons. The perimeter main also affords an alternate means
of access to the emplacement drifts for carrying out instrumentation monitoring, performance
confirmation, or similar tasks that might interfere with actual emplacement activities being
conducted in the waste handling main. It would also serve as a backup means of access to
retrieve or extract WPs in the unlikely event of a rock fall or other off-normal condition that
might occur in an emplacement drift. During emplacement drift backfilling operations (if
backfilling is determined to be necessary), this opening would be utilized extensively as a
means of delivering backfill to the western half of the emplacement drifts.

A series of parallel, 5.0 m diameter waste emplacement drifts, spaced at 22.5 m and running
between the TBM launch/waste handling and perimeter ventilation mains are used in the
interim layout. They are oriented at a bearing of N72 degrees W, near one edge of a most
favorable "window" discussed in Section 8.2. With this orientation, they form a 75 degree

< intersection with the launch/waste handling main.

The "lower block" of the interim layout utilizes the area situated between the Ghost Dance
and Imbricate Fault systems and is approximately 70 meters lower in elevation than the
primary "upper" emplacement block situated to the west. The lower block was designed
using the same objectives that were used for the upper block. The design objective that
specifies flat-lying emplacement drifts was the main "driver" that led to the "step" down from
the primary block, due to the eastward dip of the TSw2 unit. The upper block would be fully
emplaced before emplacement operations move to the lower block. Operationally, the
development and emplacement schemes in the lower block would work as described earlier
for the primary block. Both operations would proceed from North to South, and the functions
of the various drifts would be the same.

Depending upon the amount of emplacement area that may be required, it should be pointed
out that development of a separate emplacement block in the area shown may not be the best
choice. Access ramps and main drift requirements, in relation to the reduced length and
number of emplacement drifts that are provided, could be excessive when compared to other
potential expansion areas. Thermal and thermal-hydrological concerns may also exist, due to
possible interactions between the upper and lower blocks.

Description of Subsurface Operations (Section 8.7)

AJ In the interim layout, excavation of the TBM launch main, perimeter ventilation main, and
ventilation shafts would generally occur during the initial stage of repository construction
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prior to emplacement of waste. Upon completion of this system of openings, excavation of
emplacement drifts would begin. A mechanical framework consisting of a steel cylinder
"launch tube" with a rail transport carrier would be used as a mechanization tool for
launching TBMs without the need for separate excavations. Emplacement drift construction
would begin at the north end of the layout and would proceed sequentially toward the south.
Inherent in the interim layout is a great deal of flexibility regarding scheduling the turnover of
emplacement drifts to the emplacement operations side.

The entire emplacement side of the subsurface repository, in broad terms, will represent a
radiologically controlled area. A key philosophy which must be established early in the
repository design process is how and why a radiological boundary would be crossed, as this
relates to the normal movement of personnel, supplies and equipment to support the various
repository operations. Using the interim layout, a proposed approach during the phase of
simultaneous operations is that radiological boundaries separating the development and
emplacement sides (the ventilation stoppings discussed in Section 8.8) would not be crossed
for any reason except during an emergency or accident condition, or to conduct specific pre-
approved activities. In other words, crossing the stopping is not considered to be a normal
occurrence. This philosophy dictates that each side of the repository should have its own
transport routes.

As mentioned earlier, one in-drift emplacement concept consists of MPC-based WP
permanently mounted on steel-wheeled carts. The WP and its emplacement cart would be
inserted into a transport cask in a hot cell located in the WHB. The transport cask could be
designed to reduce surface dose radiation exposure to "stand-beside" limits and would be
moved to the subsurface on a specially designed, but relatively simple rail carrier. The carrier
would be coupled to a locomotive and the pair would travel down the North Ramp to the
waste handling main. Equipment placed in the waste handling main would be used to
facilitate offloading of the transport cask and to rotate the caskIWP/cart for insertion of the
WP/cart into an emplacement drift. After insertion, remotely guided, video monitored
emplacement operations commence. A remotely operated, battery-powered locomotive would
be used to push the WP/cart to its emplacement position in the drift. Future ACD efforts will
investigate the practicality of performing the entire subsurface portion of the emplacement
operation remotely in conjunction with the As Low As Reasonably Achievable principle.

Emplacement of WPs on raised pedestals uses a gantry type mechanism to move the WPs
inside the emplacement drift and for lowering them onto a pedestal in a predetermined
emplacement position. The gantry concept requires a larger drift cross-section than for the
cart/locomotive, and involves more complex remote handling movements inside the
emplacement drift. However, a gantry offers the ability to thermally manage the WPs by
adjusting their position inside the drift during the preclosure years without removing any
packages from the drift. Two preliminary conceptual gantry designs have been developed.
Thermal management of WPs would require that a gantry be self-propelled, and one concept
presented in the report provides a conceptual approach to accomplish that function.
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Subsurface Ventilation (Section 8.8)

The repository ventilation system in the interim layout is arranged to maintain two separate
airflow systems. One system provides air for the development of the repository while the
other provides air for the waste emplacement operations. Each system has its own primary
intake and exhaust openings to the surface for the supply of fresh air and exhaust of return
air. Underground openings between the two ventilation systems are sealed with bulkheads
(air stoppings) or air locks (double air doors). The two completely independent ventilation
systems basically have no operational impacts with each other. The pressure difference of the
ventilating air between the two systems can be designed in such a way that the unavoidable
air leakage always moves from the development (under positive pressure) to the emplacement
side (under negative pressure) of the repository. Each system will have continued functions
during normal operations or when accident conditions occur in the other.

The development side air quantity is determined by the need to supply fresh air for personnel
and dust collection equipment, and to control air temperature, dust, and other potential
emissions such as from diesel equipment. The estimated quantity for these purposes using the
interim layout is nearly 218 cubic meters per second which is similar to quantities found in
underground mining operations. Required ventilation supply and control equipment is
therefore expected to be similar to that used in underground mining operations.

During simultaneous development operations and emplacement of waste, heat released from
WPs will affect ventilation of the emplacement area, but it will have little effect on
development system. This is because the air flows of the two ventilation systems are
independent and there is insufficient time for conductive heat exchange to take place in the
rock between the two systems.

During emplacement of WPs, heat released from waste will increase temperatures of air
flowing in the emplacement drifts and the surrounding rock. To meet current YMP
assumptions, the design air flow must be capable of maintaining an acceptable air temperature
less than 50'C in the emplacement drifts. For the interim layout and in-drift emplacement,
the required airflow quantity for emplacement operations is estimated to be approximately 125
cubic meters per second. The air flow rates are generally determined through analysis of the
conduction, convection, and radiation heat transfer processes in 'the drift during waste
emplacement operations, and the need to supply fresh air for general emplacement-related
activities in the repository.

A brief analysis of emergency escape routes for the development and emplacement sides of
the repository was prepared. A development side emergency assumed a fire, and
emplacement side emergency assumed a radionuclide release in a key intake airway. A key
aspect of the escape routes showed the need to cross the barrier between the emplacement and
development sides to be out of the contaminant path. In such a case, crossing the barrier
assumed that personnel would then hold their position in a refuge chamber. This aspect was
introduced in Section 8.7 of the report.
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Subsurface Drainage (Section 8.9)

The interim layout is designed to drain any water seeping into the main drift openings toward
a sump located at the emplacement exhaust shaft. The emplacement drifts in this layout are
flat-lying, and the design would be adjusted later to facilitate drainage out of these drifts if
the concept undergoes further refinement. The emplacement drifts would then drain into one
of the main drifts, and on toward the emplacement exhaust shaft as described above.

The substantial ventilation stoppings which physically separate the development and
emplacement sides of the repository, present a problem for drainage in that they block the
flowpath in the main drifts. Water encountered on the development side of the repository
would flow toward these stoppings. There, it would be collected in a sump at each stopping
location and either pumped through the stopping to the emplacement side, or to the surface
through discharge pipelines hung in the service and perimeter mains. Any leakage through
the stoppings would be from the development to the emplacement side, similar to ventilation
air leakage at these locations.

Subsurface Support Services and Utilities (Section 8.10)

Repository development side support facilities will generally be comprised of the warehousing
and maintenance facilities needed to support construction operations. No work in this area
has been performed to-date, but major issues to be addressed in the future include the extent
of facilities that should be placed underground versus on the surface. Significant changes in
subsurface excavation and equipment concepts, as well as transportation equipment and
corridors that have occurred since the SCP-CD was completed dictate the need for this
reevaluation. An examination of the required emplacement side support facilities has not
been performed at this stage of ACD. These aspects will be further addressed as ACD
progresses.

The South Ramp, in the interim layout, will serve as the primary utility corridor for both the
repository development and emplacement side subsurface utilities, in addition to its transport
and muck handling route functions. Permanent electrical utilities to be installed in the ramp
include high voltage electrical cables serving as the primary subsurface feed, low voltage
electrical cables for power to trolley, ramp lighting, conveyor booster drives, and ramp utility
outlets, and communications and monitoring cables. Piping to be installed in the ramp
includes a primary subsurface dewatering line, a compressed air line, and separate pipes for
fire water, chilled water, potable water, and service water. Of these pipes, those required to
support development operations include the dewatering, compressed air, service water, and as
an option, the potable water lines. A development exhaust shaft in the interim layout will
also carry some utilities to the repository block; however, the shaft will function as a corridor
only for those utilities necessary as a repository backup source, those necessary to operate the
shaft, and for those best located in an exhaust airway. Planned, permanently installed utilities
include a high voltage electrical cable serving as a subsurface redundant or loop feeder; low
voltage electrical cable for shaft and shaft station power; and communications and monitoring
cables.
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Utilities in the North Ramp will be minimized because it serves as the waste transportation
route in the interim layout. The ramp will carry only low voltage electrical power cable(s)
for ramp lighting and trolley power, and monitoring and signaling cables. Utilities in the
emplacement side ventilation shaft will include only a cable to allow communications
between the surface and the shaft station since the shaft functions as the exhaust airway for
the emplacement side and will be a potential radiological hazard area. As such, activities in
the shaft will be kept to a minimum involving only periodic shaft inspection.

The service main(s) will carry the above described utilities once on the repository block(s).
To support emplacement side operations and maintenance functions, installed piping could
potentially include subsurface dewatering, compressed air, fire water, service water, potable
water, and chilled water. Chilled water may be necessary to provide local cooling not
reasonably provided by the repository ventilation system for specific operating or maintenance
functions. Separate electrical utilities would be required in the service main to support
development operations and emplacement operations. Power supply and instrumentation
cables needed only for development operations would be removed prior to turnover of the
construction area to the emplacement side.

Lower Thermal Limits and Expansion Considerations (Section 8.11)

The DOE Mission Plan (DOE, 1985) targets the first nuclear waste repository for a storage
capacity of 70,000 MTU. The total subsurface area required for emplacement of waste
depends, to a large extent, on the thermal loading determined to be desirable. Other factors
that could increase the total areal requirement include the possible presence of undetected,
non-suitable geologic conditions in some locations.

The interim layout uses essentially all portions of the primary area that could be logically
developed using the operational schemes described earlier. Ignoring the possibility that
geologic conditions might preclude waste emplacement in certain zones, the interim layout
could accommodate the total, 70,000 MTU waste inventory at a mass loading of
approximately 85 MTU/acre or higher using just the upper block. Using both the upper and
lower blocks, a mass loading of 69 MTU/acre or higher could be accommodated for the full,
70,000 MTU inventory. Alternatively, because 69 MTU/acre does not fit either of the
thermal loading cases considered as key YMP assumptions, a repository containing both the
upper and lower blocks could accommodate the 70,000 MTU waste inventory at a mass
loading of 80 MTU per acre with an approximate 17 percent contingency area available to
allow for loss of disposal area due to unforeseen unsuitable geologic conditions.

Expansion outside of Area 1, which includes the primary area, has been given brief
consideration in early repository work as well as in the SCP, and six potentially usable areas
have been previously identified. In the issues hierarchy of the SCP, Information Need 1.11.3
consists of design concepts for orientation, geometry, layout, and depth of the underground
facility that contribute to waste containment and isolation including flexibility to
accommodate site-specific conditions. Work relative to this issue has been performed in
support of thermal loading system studies where design objectives similar to those used for
the interim layout were applied to develop preliminary layouts outside of Area 1 but within
the TSw2 rock unit. The layouts developed from this work partially fulfill SCP Design
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Activity 1.11.3.2 within limitations of currently available geologic data outside of Area 1.
The layouts also demonstrate the feasibility of expansion, using current design concepts,
should contingency areas need to be developed to accommodate site specific conditions. A
current YMP assumption is that the repository horizon will be located within the TSw2 rock
unit in the primary area. This project assumption currently precludes more comprehensive
subsurface design activities outside of the primary area, which makes up the majority of
Area 1.

Retrieval Considerations (Section 8.12)

The requirement to maintain the capability to retrieve any or all nuclear waste emplaced in
the repository is mandated by the Nuclear Waste Policy Act, as amended in March 1994, and
in 10 CFR 60. The reasons for retrieval can be related to protection of the public health and
safety, the environment, or for any purpose of recovery of the economically valuable contents
of the spent fuel.

A fundamental program requirement listed in 10 CFR 60 is that the repository design shall
include provisions for retrieving the waste from its emplacement location throughout the
operational and caretaker periods. Under current statutes, the period required for initiation of
retrieval is 50 years after waste emplacement operations have begun, unless a different time
period is approved or specified by the NRC. Under the current Office of Civilian Radioactive
Waste Management (OCRWM) program, and a key assumption upon which repository
conceptual design is based, the repository will be designed to initiate retrieval of up to 100
years after initiation of emplacement.

While retrievability is a requirement for MGDS design and approval, the extent to which
retrieval should influence the design of the subsurface openings in the repository is largely a
function of how easy a task retrieval should be, particularly in the case of selective retrieval.
Performance confirmation activities during the caretaker period may require a small number
of WPs (compared to the total emplaced inventory) to be selectively retrieved; however, this
activity is not considered to be retrieval under the regulatory definitions applied to the Yucca
Mountain MGDS. Therefore, designing the repository toward optimized retrieval functions,
particularly when such retrieval would only constitute a small number of the total inventory,
is not appropriate. The use of small diameter emplacement drifts in the interim layout
subscribes to a philosophy that, while it maintains the full requirement to retrieve in a
straightforward manner, it does not lend itself to make the task to retrieve for performance
confirmation (if necessary) any easier than absolutely necessary.

In order to aid in performance confirmation, an option in future repository designs may be, as
performance confirmation activities are more fully defined, to include specific performance
test areas where WPs can be emplaced or examined as part of the confirmation processes if
these areas are determined to provide representative data.

The small drift emplacement method, such as the ISDOR and ISDOP concepts, and to a
lesser extent off-center emplacement, also subscribe to the philosophy that maintenance or
repair of emplacement drifts (as determined in the future to be necessary) is better
accomplished by temporarily removing the WPs from them. Such a philosophy points to the
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desirability of identifying cost effective, robust support systems, to minimize the probability
of major opening or ground support repair over the 100 year period of retrievability. This
approach is currently a design level assumption being made for the design of the repository.
The rationale for WP removal, if necessary, is the complexity required to conduct
maintenance and repair operations by remote means, and the reliability that would be needed
for such an operation. Removing WPs from a drift before conditions deteriorate to a point
where the operation no longer becomes practical allows maintenance and repair functions to
be conducted with the care, reliability, and probability for success warranted for such an
operation.

Retrieval operations and equipment were conceptually defined in early repository work for the
SCP; however, those operations were applicable to vertical or horizontal borehole
emplacement of single-purpose canister-based WPs. The program shift to large MPC-based
WPs, as well as in-drift emplacement, invalidates a majority of previous work relative to
retrieval. A preliminary and general operational approach to subsurface retrieval of an MPC-
based WP was developed in FY 1994 and is presented in the flowchart of Figure 8.12-1. The
flowchart is considered to be a "first-cut" at identifying and qualitatively describing pre-
retrieval considerations, as well as normal and abnormal operations. The flowchart was
developed using the interim layout and the ISDOR emplacement concept as its basis..
Abnormal retrieval conditions have been identified by engineering judgement only for clarity
of retrieval logic development. They have not yet been established by statistical analysis
techniques as credible events.

Equipment considerations as they relate to retrieval were briefly examined. The availability
of original mobile emplacement equipment for normal retrieval operations will, to a great
degree, be dependent upon the duration of the emplacement period and the condition of the
equipment after that period. Under past estimates made for the SCP-CD, the construction and
emplacement period could last for a period up to 34 years, this time is considered to be the
best available estimate since no overall repository construction and emplacement schedules
have been developed for the interim layout. When considering the life associated with the
use of original emplacement equipment for retrieval, it is unusual to find mobile equipment
operating in an underground environment for a period longer than 10 to 20 years, even if such
equipment has been operated under good maintenance practices. The reasons for this are
normal deterioration, equipment obsolescence, or unfavorable economics when considering
further existing equipment maintenance compared to replacement. The conclusion that can be
drawn from the above emplacement time frame is that there would be a high probability need
for new mobile equipment at the start of retrieval operations.

For a retrievability period up to the statutory 50-year length after first emplacement, it is
reasonable to assume that mobile equipment used for normal retrieval operations will be of
the same or similar design as that used when emplacement operations were completed (or
suspended, as applicable). The rationale for this statement is that the latest start of
retrievability may only be approximately 16 years (the 50 years minus the 34 years to
construct and emplace). It is also possible that replacement equipment procured during the
emplacement period may be upgraded making the equipment technology used at the last
emplacement reasonably current at the time of retrieval.
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For retrievability periods beyond the statutory period and up to 100 years in length, available
material handling equipment and methods at that time will have likely advanced significantly
beyond current technology; therefore, it is reasonable to assume that current technology of the
time will be examined for use in retrieval operations based upon the cost and safety
implications for using outdated, although by then well-proven technology.

Certain stationary plant equipment, including surface and subsurface ventilation fans,
dewatering pumps, and permanent utilities associated with subsurface operations will be
necessary to support both performance monitoring activities and retrieval operations. Fans
and pumps will be required to operate throughout the emplacement and caretaker periods, and
consequently, will be rebuilt and replaced at somewhat regular intervals. Utilities in main
access drifts and other access openings into the repository will require periodic routine
maintenance and selected replacement when deteriorated or damaged beyond a condition of
reasonable and economic repair.

Current YMP assumptions specify that the air temperature in emplacement drifts during
retrieval shall not exceed 50'C and ventilation is perhaps the most effective method to
provide temperature control. Two primary concepts of ventilation for retrieval have been
considered for temperature control.

One concept involves continuously ventilating all of the emplacement drifts, beginning at the
time of emplacement and continuing throughout the preclosure period. For the continuous
ventilation concept, simultaneously ventilating all emplacement drifts requires a very large
total air quantity; consequently, excessive costs for ventilation related construction and
operation could be expected and additional shafts might be needed. Further study of alternate
ventilation cooling concepts is recommended before seriously considering continuous
ventilation as a viable option. The second concept is an as-needed approach where each
emplacement drift is left unventilated after it is fully emplaced. Using the as-needed
approach, the drift is cooled with large quantities of ambient air just prior to when
emplacement drift access is required for retrieval. The as-needed method is also frequently
referred to as rapid cooling, forced-air cooling, or blast cooling.

Transient state calculations using the as-needed cooling approach with in-drift emplacement
have show that it is possible to regain access to an emplacement drift that has been closed for
an extended period. The calculations used emplacement drift sizes and lengths that are
representative of the interim layout and initial drift air temperatures at the start of cooling
which are comparable to a high thermal loading scenario. The calculations have shown that
an air flow of 150 m3/s can reduce the temperature of air exiting the drift to below 50'C after
two and a half weeks of cooling by ventilation. Cooling with an air flow rate 100 m3/s can
provide the required temperature level along the entire drift length within a little longer, but
still acceptable, 8 week period of time. If a very high air quantity of 200 m3 /s is used, access
to the entire drift is possible within the first week of ventilation. For air flows equal to or
lower than 60 m3/s, it is impossible to reduce the air temperature at drift exit to 50'C within
26 weeks.
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Closure and Decommissioning (Section 9)

Limited definition of the concepts surrounding closure and decommissioning have been
developed to date, however; certain aspects of this topic have been addressed to investigate
impacts on subsurface layout, structural integrity, near-field effects on waste isolation, and
constructibility. Although a key assumption has been made that there will be no backfilling
of the emplacement drifts, it has been necessary to define concepts and parameters that will
aid in substantiation of that key assumption. Section 9 contains a description of potential
backfill material types, emplacement equipment and constraints on the currently available
methodologies used for backfill emplacement. These concepts may require further
consideration and integration for application toward design of composite seals and ultimate
permanent closure concepts.

Schedule and MIlestones (Section 11)

Section II is developed to document a proposed, restructured program, consistent with the
recent Proposed Program Approach, and to define that approach as an attempt to bring the
program back to the original intent of the legislative and regulatory framework. This section
presents the current overall project design schedule that integrates activities in WP
development, site characterization, repository design, licensing, and operations. This schedule
shows the interaction of the different area design efforts as they are planned to culminate in a
coordinated license application and subsequent final design and construction. Key
components of the proposed program approach include:

* Emphasis on resolution of the waste acceptance issue by initiation of a dialog with
utilities and other stakeholders addressing the expectation for DOE acceptance of spent
fuel starting in 1998.

* Development, and integration into all program elements, of a MPC concept, including storage,
transportation and disposal overpacks, to facilitate pre-disposal storage at any location.

* Site characterization activities focused to advance measurable progress toward a DOE
decision about the suitability of the Yucca Mountain site.

Uncertainties, Issues, and Recommendations (Section 12)

Uncertainties, issues, and recommendations are compiled in Section 12 to address open issues
as identified in the SCP and those resulting from current work that uncovers previously
unforeseen concerns requiring resolution. With the current lack of underground data, the
levels of uncertainty are high for a number of parameters that may be important to waste
isolation. If these uncertainties could be reduced, the understanding of waste isolation/waste
emplacement would be improved. Sensitivity analyses are needed to fully identify parameters
important to waste isolation. Based on this, it will be necessary to ensure that test programs
can provide the necessary data to reduce uncertainties. Some studies have been done which
identify some of the uncertainties, but many remain to be done to provide sufficient
information for licensing. The issues are summarized in subsections addressing waste stream,
WP, geochemistry, hydrothermal, and cost.
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1. INTRODUCTION

The Mission Plan for the Civilian Radioactive Waste Management System (CRWMS)
Program (DOE 1985), as amended June 1987, identifies a two-phase, four-step approach for
the development of the first MGDS:

A. Conceptual Design Phase

1. Site Characterization Plan Conceptual Design (SCP-CD)
2. Advanced Conceptual Design (ACD)

B. Title I and Title II Design

1. License Application Design (LAD)
2. Final Procurement and Construction Design (FPCD)

The Conceptual Design for the Site Characterization Plan for a potential MGDS at Yucca
Mountain, Nevada, was completed with the issuance of a Site Characterization Plan
Conceptual Design Report (SCP-CDR), (SNL, 1987a). The report covered the repository
surface and subsurface facilities design; waste package design; material handling equipment;
waste package fabrication equipment; waste treatment system; transportation, decontamination,
and storage facilities; and all necessary support facilities and equipment. The SCP-CD
utilized the known site data and identified additional data needs to be obtained during the site
characterization activities. Basically, this design demonstrated the feasibility of a potential
repository at the Yucca Mountain Site and produced a Total System Life Cycle Cost
(TSLCC) estimate.

The next phase, which is ACD, is intended to develop appropriate solutions to all identified
design-related licensing issues, and will explore repository and waste package design
alternatives identified in the SCP-CDR and during subsequent studies. These alternatives will
include the modification to the repository design identified in the Title I Design Summary
Report for the Exploratory Studies Facility (ESF) (YMP 1993g). Several recommendations
made by various external agencies and by the Nuclear Waste Technical Review Board
(NWTRB) are being considered for further investigation. New data from the site
characterization and laboratory testing programs are being used. The ACD phase will firmly
fix and refine the design criteria and concepts to be finalized in later design phases. Input for
the TSLCC estimate will be updated and revised. This design phase will be completed by the
issuance of an ACD Summary Report, currently scheduled for the end of fiscal year 1996.

The ACD Work Plan calls for a series of reviews to be performed on the progress of
advanced conceptual design at reasonable intervals prior to the development of the final
summary report. To facilitate this action, this report is compiled and labeled as the Initial
Summary Report (ISR) for Repository/Waste Package Advanced Conceptual Design, and will
act as the first progress report representing a comprehensive compilation of ACD category
V work. The report is a compendium of input from Waste Package Development, Repository
Surface Design, Repository Subsurface Design, and Systems Engineering. Input from each
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organization will not necessarily be at an equal stage of maturity. The report is structured to
include subject matter areas for all necessary areas of information, regardless of the amount
of information available to date.
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2. SCOPE AND METHODOLOGY

The scope of the ISR is to provide a summary of all ACD work produced to date for both
Waste Package and Repository ACD. All documents produced for ACD work will not be
included in their entirety, but summaries of this work will be provided with reference to more
comprehensive documents if necessary. As implied by its title, the ISR is an initial report
intended to put forth a compilation of developed concepts in form and format which can be
used to review technical progress and adequacy as well as programmatic status. The ISR is
formatted to include sections of technical and programmatic information which correspond to
issues identified for investigation in the ACD Work Plan (ACD 93-000lRev. 0). Information
for each of the identified areas may not be available at this time; however, by structuring the
report in this way, the reader will be able to assess both the progress of work and the level of
effort required in other areas before ACD may be judged complete. As such, some sections
of the report may appear to be virtually without input, but will serve as a "place holder"
signifying the need for future funding and/or design effort.

The methodology for completion of this report is to solicit work product summaries for
applicable report sections from Systems Engineering, Waste Package Development, Surface
Repository Design and Subsurface Repository Design. Each organization has completed work
for ACD, and provides a summary of their effort to date for inclusion in this report. The
quantity of work submitted by each organization reflects the funding allocations and
subsequent available product. No attempt is made to make each section appear equally
comprehensive, thereby allowing the reader to assess the work and draw conclusions relative
to areas in need of more work prior to the scheduled end of ACD in FY 1996.

The following discussion has been extracted from an initial draft of a concept of operations
for the MGDS, and is provided here in order to supply a general overview of the potential
repository and the Engineered Barrier System (EBS) as well as to furnish a perspective of
where the repository and EBS fit in the overall system.

This concept of operations has been developed to document a common understanding of how
the MGDS is expected to be operated. It is intended to support the MGDS Focused ACD
effort.

2.1 CIVILIAN RADIOACTIVE WASTE MANAGEMENT SYSTEM CONCEPT

The Manage Waste Disposal function will be accomplished by the four system elements of
the CRWMS. These system elements work in conjunction with each other to fulfill a variety
of functional and performance requirements intended to make the storage, transportation, and
permanent emplacement of waste in a geologic medium environmentally safe. The CRWMS
will provide appropriately documented traceability of the waste from initial acceptance to
final closure of the MGDS.

A system-level center may be established to manage communications, scheduling, and other
interactions and management functions among system elements. It would be functionally and
operationally above the system elements as part of the overall CRWMS.
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2.2 WASTE ACCEPTANCE

The first of the system elements, Waste Acceptance (WA), has the responsibility of
interfacing the CRWMS with the user community-Purchaser (including owners and generators
of SNF from civilian reactors) and Producer (generators of HLW). Responsibilities of the
WA element are to maintain records of the CRWMS waste capacity; maintain records of the
waste locations and characteristics; verify that the waste has been properly described; manage
the contractlagreement process with the user community; develop schedules for waste
acceptance; verify at the Purchaser/Producer site that the waste is in the proper form for
transport; and finally, accept title to the waste from the Purchaser/Producer. For MPC-based
systems, it is expected that WA will coordinate the delivery of any DOE-supplied MPCs for
on-site Purchaser storage. WA will also verify the MPC loading and sealing process.

2.3 TRANSPORTATION

The Transportation System element is responsible for transporting the waste to the Storage
System element or to the MGDS, as appropriate, once the waste has been accepted by the
WA element. The Transportation System element is responsible for developing, purchasing,
processing, and maintaining the transportation cask subsystems (at least one of which includes
MPCs). In addition, Transportation is responsible for contracts with highway and rail
carriers, for maintaining transportation schedules, and for tracking waste shipments. It is
expected that SNF will be shipped by both truck and rail from the Purchaser sites to the
MGDS or the MRS facility, and only by rail from the MRS facility to the MGDS. Shipments
from the Purchaser sites to the MGDS element are expected to be by truck and rail. The
Transportation System element will include one or more CMF to support the maintenance of
the transportation casks. While programmatically and operationally part of the Transportation
System element, CMFs will be collocated with the MGDS and the MRS facility and may be
integrated with those system elements.

2.4 STORAGE

The Storage System element acts as a temporary storage facility for bare SNF and SNF
loaded in MPCs, with the intention of recovering such waste for disposal. The two
subelements of Storage accomplish the waste storage function within the CRWMS, or at the
Purchaser sites. The CRWMS may or may not include a Monitored Retrievable Storage
(MRS) facility subelement, which in its role as a temporary storage facility for SNF within
the CRWMS, accepts waste for storage prior to the availability of a geologic repository, loads
SNP into MPCs, and serves as a storage and staging facility to assist in management of the
waste delivery schedule to the repository, after the repository becomes operational. The
OSTS accomplishes the transfer and storage of SNF at Purchaser sites. For Purchasers who
use MPCs, the OSTS provides the systems, structures, and components to load SNF into
MPCs and MPC transportation casks, transfer MPCs to and from on-site storage, and store
MPCs at Purchaser sites.
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2.5 DISPOSAL

The MGDS element will emplace waste (including loaded MPCs) in an isolated, geologic
medium with no foreseeable intent of recovery, although such emplacement will permit
recovery (retrievability) during an appropriate period of operation of the facility, to be
determined by the Secretary of Energy. The MGDS also includes the ESF and the Surface-
Based Testing Facilities to characterize the site, but these will have been dismantled or
incorporated into the Repository Segment prior to the initiation of operations.

2.6 CRWMS PERFORMANCE PERIOD

The time period of CRWMS system performance is from the start of site characterization
through at least 10,000 years following permanent closure of the MGDS facility. The
construction of facilities for the operational period is predated by site characterization
activities essential to developing a site suitability determination and a design and licensing
process. The site characterization activities require the construction of test facilities, which
may, in part, be incorporated into the disposal system. Thus, requirements documents must
address design activities for both the characterization period and the extended period of
system performance.

2.7 REPOSITORY MISSION

The mission of the repository is to provide for the disposal of SNF and Civilian and Defense
HLW such that the public health and safety and the environment are protected.

This mission is accomplished by the functions shown in the Table 2.7-1. These functions
trace to the technical baseline documents (Repository Design Requirements Document
(RDRD) and the Engineered Barrier Design Requirements Document (EBDRD)). The
functions are not necessarily listed in the order in which they are performed.
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Table 2.7-1. Repository Mission Functions

| Function
Function Title Number Comments

Dispose of Waste 1.4

Characterize Site 1.4.1 This function will have been accomplished by the Site
Segment. Residual parts of the function may be subsequently
allocated to the Repository Segment function, Evaluate MGDS
Operations. It is beyond the scope of this concept of
operations.

Operate MGDS 1.4.2

Isolate Waste 1.4.3

Evaluate System 1.4.4
Performance

Close MGDS 1.4.5

2.8 OPERATIONAL ENVIRONMENT

The site for the first potential repository is approximately 100 miles northwest of Las Vegas,
Nevada, at Yucca Mountain, a site currently being characterized to support a determination of
its suitability to host the repository. If the Yucca Mountain Site is found not suitable, another
site will be selected eventually and this concept of operations will be revised accordingly.

The first repository will eventually dispose of 63,000 MTU of SNF and 7,000 MTU of HLW.
Disposal of wastes is expected to begin in the year 2010 and end in 2033.

The MGDS, when waste disposal operations begin, will consist of two segments, the
Repository Segment and the Engineered Barrier Segment. In this document they are
discussed as an integrated system.

2.8.1 Repository Segment

The Repository Segment is envisioned to include an underground facility; site civil
improvements; waste handling facilities; surface support facilities on sites that contain
entrances to the underground; piles of rock excavated from the underground; various auxiliary
sites for storage and other uses; and subsystems to supply, distribute, and control various
utilities and services such as electric power, water, and communications. A rail spur will be
provided for delivery of SNF and HLW from the Transportation system element. Other
facilities will be provided to house support functions such as administration, maintenance,
personnel support, visitors center, security, safety, health physics, and offices for the NRC,
MSHA, and other oversight organizations.

B00000000-01717-570S-00015 Rev. 00 2-4 0&829/94



2.8.2 Engineered Barrier Segment

The Engineered Barrier Segment includes the emplaced waste packages (the waste forms and
any containers, shielding, packing and other absorbent materials immediately surrounding
individual waste containers) and any other engineered devices or material provided to provide
waste isolation. The Engineered Barrier System includes both the Engineered Barrier
Segment and the underground facility.

2.8.3 MGDS Modes

The MGDS operates in the eight modes listed below. These modes are based on the concepts
outlined in 10 CFR 60.102(d) and (e).

A. Site characterization. This mode is currently active in the form of design activities for the
ESF and surface based testing. This design is needed to support site suitability
determinations and to provide site specific information for repository design phases and
environmental issues.

B. Construction. This mode begins after license is received to construct the repository.
According to the current concept, the surface facilities will be constructed at this time but
only a portion of the underground emplacement locations will have been completed when
the MGDS begins emplacement operations. The mode continues concurrent with waste
emplacement as additional underground emplacement openings are excavated and
constructed. This is a unique program aspect in that construction is part of the system
operations.

C. Emplacement. This mode begins when the first shipment of waste is received and
emplaced, and continues until the legislated 70,000 MTU or physical capacity is reached.

D. Caretaker. A caretaker mode begins when legislated or physical capacity is reached. The
option to retrieve any and all emplaced waste will be preserved from the time of
emplacement until permanent closure is authorized. Performance confirmation continues
during this period.

E. Retrieval. This mode includes all actions required to retrieve wastes, if required. Waste
retrieval is considered an off-normal event.

F. Decommissioning and Closure. When the NRC amends the license to authorize
permanent closure, the underground facility will be backfilled (if required and authorized)
and sealed; the surface facilities will be decontaminated and dismantled or converted to
other uses; and an institutional barrier system will be established to preclude human
activities that could compromise waste isolation.

G. Postclosure. After permanent closure, the engineered and natural barriers will isolate
wastes from the accessible environment. The institutional barrier system (markers and
land-use records) will be maintained. A system for postclosure monitoring may be
established.

BOOOOOOOO-01717.5705-00015 Rev. 00 250/992-5 oans9/94



H. Off-normal. This mode involves accident, natural disaster, and other unexpected scenarios
and can occur during any of the other modes.

Performance confirmation is required in all modes except postclosure.
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3. DESIGN INPUT

Design inputs contained in this document are considered as unqualified Preliminarv data
which are used to generate alternative concepts during ACD work. Final concept selections
have not yet been made, but will be made and documented in the final ACD Summary Report
prior to Title design. At that time, inputs relative to the concepts selected for Title design
will contain the applicable TBV/TBD identifiers. No information contained in the Initial or
Interim Summary Reports for ACD will be used for construction, procurement, or further
design development by organizations outside MGDS; therefore, the information does not
require verification according to QAP 3-2. Accordingly, the inputs associated with this work
do not require verification. However, material presented in the Final Summary Report for
ACD may contain selected concepts that will serve to guide Title design, and will carry the
TBVYTBD designators for that reason. (TBV-208)

3.1 DESIGN REQUIREMENTS DOCUMENTS

The following design requirements documents contain the ACD requirements:

A. Engineered Barrier Design Requirements Document (EBDRD), YMP/CM-0024,
Rev. 0, July 1993 (YMP, 1993a)

B. Repository Design Requirements Document (RDRD), YMP/CM-0023, Rev. 0,
July 1993 (YMP, 1993c)

These documents flow down the engineered barrier and repository requirements from the
MGDS Requirements Document as shown in the document hierarchy in Figure 3.1-1.

The EBDRD and RDRD contain all applicable design requirements from federal regulations,
DOE directives and orders, and other government documents available prior to July 1993.
The EBDRD and RDRD will be revised in FY 1995 to include MPCS, focused ACD, and
transportation within the State of Nevada. In the interim, MPC-specific requirements may be
taken from the MGDS Requirements Document, B00000000-00811-1708-00002, Rev. I
(M&O 1993i).

3.2 REQUIREMENTS ALLOCATION MATRIX

Requirements from the Repository and Engineered Barrier'Design Requirements Documents
(DRDs) have been allocated to 19 potential Configuration Items (Cis) in the Configuration
Item Requirements Allocation Matrix (Draft), CRWMS M&O Doc. No. BOOOOOOOO-01717-
1708-00005, dated June 30, 1994. When additional CIs are identified as the design
progresses, or Cls are redefined, the requirements allocation matrix will be updated.

This is the first allocation of requirements to potential CIs. Many requirements in the DRDs
are general, such as "The repository shall ..." and need to be rewritten to explicitly address
each CI in statements such as "Site preparation shall ..." or "Surface nuclear facilities shall...."
When the requirements are rewritten in this form, only a portion of the requirement may
apply to a specific CI. Future revisions of the DRDs will include the allocation of
requirements to CIs with the requirements explicitly rewritten for each CI. Explicit
requirements for each CI will be developed as ACD progresses.
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3.2.1 Configuration Items

The 19 potential CIs selected for developing the requirements allocation matrix are identified
as follows:

REPOSITORY

- Surface
- Site Preparation
- Nuclear Facilities
- Non-Nuclear Facilities
- Utilities
- On-Site Transportation
- Off-Site Transportation
- Unique Equipment
- Decommissioning

- Subsurface
- Accesses
- Emplacement Level
- Unique Equipment
- Service Systems
- Ventilation System
- Closure

ENGINEERED BARRIER

- Waste Package
- Uncanistered Fuel
- Multi-Purpose Canister
- High Level Waste

- Backfill

- Invert

3.2.2 Detailed Description of Configuration Items

The 19 potential CIs identified in Section 3.2.1 are further described in the following
subsections.
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3.2.2.1 Site Preparation

Site preparation includes repository site general arrangements and layouts. It also includes
on-site roads, rails, boundary fences, communications, clearing, grading, landscaping and
drainage controls as required for the Geologic Repository Operations Area and the General
Support Facilities Area. In addition, it includes off-site improvements required for the
repository including roads, rails, communications, etc. to the boundary site.

3.2.2.2 Surface Nuclear Facilities

Surface nuclear facilities include the Waste Handling Building, the Cask Maintenance
Facilities, the Performance Confirmation Building, the Waste Treatment Facility, and the Lag
Storage Facility. Also included are shielding, HVAC, utilities, and security and safeguards.

32.2.3 Surface Non-Nuclear Facilities

Surface non-nuclear facilities include a Medical Center, Fire Station, Electrical Substation,
Administration/CafeteriaiTraining Building, Computer Building, Mock-up Building, Central
Warehouse, Machine/Maintenance Shops, Standby Generator Building, Security Stations,
Visitors Center, Motor Pool/Service Station, and Cooling Tower/Chilled Water Facility.

3.2.2.4 Surface Utilities

Surface utilities include electricity, telecommunications, water, sewer, natural gas, fire control,
compressed air, steam, and equipment fuel. Also included are off-site utilities such as
telecommunications, electricity, water, gas, etc. to meet the repository requirements.

3.2.2.5 On-Site Surface Transportation

On-site surface transportation includes on-site roads and railways required for waste receipt,
transportation cask returns (truck and rail), emplacement transporter, and operations personnel.
Also included are truck and rail staging areas, vehicle washing concepts, and the on-site
prime mover for rail cars.

3.2.2.6 Off-Site Transportation

Off-site transportation includes off-site highways, roads, and railroads required for
transporting waste from the state line to the site boundary.

3.2.2.7 Unique Surface Facilities Equipment

Unique surface facilities equipment includes equipment required for handling, packaging, and
treating radioactive waste. Also included are transfer carts, cell ports, waste package/cell port
adapters and sealing devices, specialized SNF, HLW and waste package grapples, hot cell
pass-throughs, MPC cutting equipment, and shield doors and windows.
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3.2.2.8 Decommissioning

Decommissioning includes site restoration, decontamination, site security, dismantlement, and
operation of postclosure monitors.

3.2.2.9 Subsurface Accesses

Subsurface accesses include all accesses to the repository. The functions of these accesses
include waste transportation, excavated rock handling, personnel and material handling, and
ventilation. Also included are any related surface facilities.

3.2.2.10 Emplacement Level

Emplacement level includes repository development, waste emplacement, retrieval, and
backfill operations. It also includes the ground support system, repository horizon selection,
excavation methodology, and muck handling system. Also included are any subsurface-related
surface facilities required for waste emplacement operations.

3.2.2.11 Unique Subsurface Equipment

Unique subsurface equipment includes equipment for various emplacement methods such as
systems for large hole drilling and alcove excavation, waste transporters and other handling
equipment, backfill and retrieval equipment. Also included are control systems, robotics and
remote operation of this equipment in the subsurface environment during emplacement and
retrieval.

3.2.2.12 Subsurface Service Systems

Subsurface service systems include all support system facilities, utilities, and monitoring for
underground operations. Included in the support system facilities are mine water control
system, fire protection and control, operations support facility design, contamination control
system, material support, receiving/warehousing, equipment fuel facility, maintenance facility,
emergency facilities, and others. Included in the utilities are electrical utilities such as
distribution system, backup system, substation, communications, compressed air, water and
others. Included in the monitoring are monitors for radiologic, non-radiologic, and host rock
performance conditions during the preclosure period.

3.2.2.13 Ventilation

Ventilation includes the ventilation system for repository development, waste emplacement,
backfill, and retrieval operations. Also included are fire protection, dust control, air quality
and quantity control, and emergency systems related to ventilation.
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3.2.2.14 Closure System

Closure system includes facilities and equipment required to accomplish postclosure sealing,
site restoration, decontamination and decommissioning of subsurface and surface facilities,
and installation of postclosure monitoring systems (if required).

3.2.2.15 Uncanlstered Fuel Waste Package

The uncanistered fuel waste package includes spent nuclear fuel and a basket assembly inside
a multi-barrier disposal container.

3.2.2.16 Multi-Purpose Canister (MPC) Waste Package

The MPC waste package includes the sealed MPC (containing SNF and a basket assembly)
placed within a multibarrier disposal container.

3.2.2.17 High Level Waste (HLW) Waste Package

The HLW waste package includes the HLW canisters and structural separators inside a
multibarrier disposal container.

3.2.2.18 Backfill

Backfill includes material whose primary purpose is to fill the space previously created by
excavation or drilling, such as in a shaft or borehole.

3.2.2.19 Invert

The invert includes any material or structure placed above the curved lower portion of the
emplacement drift.

3.3 ASSUMPTIONS FOR REQUIREMENTS, TECHNICAL DATA, AND DESIGN
CONCEPTS

A document entitled the Controlled Design Assumptions (CDA) document (M&O, 1994m) is
being used to catalog assumptions used to facilitate the development of a Repository/Waste
Package ACD. The document is a key element in the "focused" ACD approach which
utilizes management decisions and/or assumptions, as necessary, based on the best available
information or engineering judgment, to advance the design. The CDA document contains
these assumptions, as well as the rationale for the assumptions and references to plans and
schedules to substantiate the assumptions, if necessary. The CDA document will, eventually,
also provide a concept of operations for the repository surface and subsurface operations.

The M&O MGDS Development design organizations involved in the development of ACD
chronicle their conceptual inputs and operational concepts by providing input to the CDA
document. These inputs are coordinated with the M&O Design groups, the Systems
Engineering group, the Regulatory and Technical Evaluation group, and the Scientific
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Program Integration group. A key feature of the focused ACD approach, as described below,
is to allow assumptions regarding requirements, design concepts, and technical data to be
made prior to the existence of sufficient technical basis for the assumptions. Such
assumptions are considered to be of "indeterminate" quality and therefore may require
substantiation activities to validate, qualify, and/or determine their sufficiency as design input.

3.3.1 Need For Assumptions

The approach employed to arrive at an Advanced Conceptual Design prior to the inception of
focused ACD was to develop multiple design concepts in parallel until sufficient scientific
basis was available to support the selection of a reduced set of concepts for License
Application Design. The selection of the reduced set of concepts was planned to occur at the
completion of the ACD activities. Due to considerations such as limited resources (resulting
from past funding shortfalls and anticipated future funding limitations), the pending
incorporation of the MPC into the program baseline, and the availability of increased
scientific knowledge since publication of the SCP-CDR, a new process to help expedite
Repository/Waste Package design progress was necessary.

The new process developed is the focused ACD approach. The process is based on the
selection of a single primary design concept which meets the Repository/Waste Package
requirements. The selection of the primary concept is based on management
decisions/assumptions which utilize the available technical data to support the decision. Each
decision/assumption made that is not supported by sufficient technical data, will cite/generate
a substantiation activity to validate the decision. As the design and substantiation activities
progress, the decisions/assumptions will be modified as necessary. In addition to the primary
design concept, alternatives to major design features that are important to waste isolation are
being considered. Analysis of design alternatives is required by 10 CFR 60.21(c)(1)(ii)(D).
Furthermore, it is prudent considering that overall repository waste isolation requirements
have not been established; they are being developed by the Environmental Protection Agency
and the Nuclear Regulatory Commission pursuant to the Energy Policy Act of 1992, Section
801. This focused ACD approach is based on the premise that meeting the requirements is
adequate and that the designs only need to be optimized from a cost and schedule point of
view.

This focused ACD process will expedite the development of an ACD with -the fundamental
objectives, per DOE ORDER 4700.1, of: 1) developing a project scope that satisfies program
needs, 2) assuring and/or validating project feasibility and attainable technical performance
levels, 3) identifying and quantifying any project risks, and 4) developing a reliable cost
estimate and a realistic performance schedule.

3.3.2 Assumption Generation Technical Approach

The primary tasks associated with the development, modification, and revision of the CDA
are:

* Identify requirements, technical data, and design concept assumptions necessary for
ACD
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* Identify key assumptions

* Generate values or judgments for each assumption required

* Document assumptions on Assumption Rationale Sheets

* Identify studies required, if necessary, to substantiate each assumption

* Incorporate assumptions in appropriate documents once substantiated

* Periodically update, review, and distribute the CDA document.

3.3.2.1 Identify Assumptions

Each design organization provided a list of assumptions it believes is necessary to generate an
Advanced Conceptual Design. These assumptions are categorized as requirement
assumptions, technical data assumptions, and design concept assumptions. The requirement
assumptions include requirements in the Engineered Barrier Design Requirements Document
(EBDRD) and the Repository Design Requirements Document (RDRD) that currently carry a
TBD (To Be Determined), TBV (To Be Verified), or TBR (To Be Resolved) qualifier. The
technical data assumptions include data selected from ranges of data specified in the
Reference Information Base (RIB) (YMP 1994a) and elsewhere, as necessary, to support
waste package and repository Advanced Conceptual Design. The design concepts
assumptions include identification of design judgments andfor decisions that have been made
to move forward with the design. The design concepts included in the CDA document are
typically those that do not have sufficient technical data to support a final decision on the
design.

3.3.2.2 Identify Key Assumptions

A subset of the assumptions identified above was identified as key assumptions. This set of
key assumptions was identified by the YMSCO Repository/Waste Package Project
Engineering and Systems staff. The basic rationale for identifying an assumption as a key
assumption is if the assumption involves a highly controversial issue that lacks a clear
consensus among the DOE and participants or if the assumption cuts across more than one
program element.

3.3.2.3 Generate Values or Judgments for Each Assumption Required

Values or judgments for the key assumptions were developed by an Administrative Panel
consisting of YMSCO Repository/Waste Package Project Engineering and Systems personnel.
The assumptions were based on opinions voiced at a key assumptions workshop held at the
YMSCO. Participants in this workshop included technical specialists and programmatic
representatives from the YMSCO, Sandia National Laboratories, Lawrence Livermore
National Laboratory, U. S. Geological Survey, Los Alamos National Laboratory, The
CRWMS M&O Contractor, University of Nevada, Reno, and University of Nevada, Las
Vegas.
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Values and/or judgments for the non-key assumptions were developed and concurred with by
the M&O organizations participating in the waste package and/or repository Advanced
Conceptual Design.

Figure 3.3-1 illustrates the process for generating assumption values/judgments.

3.3.2.4 Document Assumptions on Assumption Rationale Sheets

Each assumption made has been documented on an assumption rationale sheet Figure 3.3-2
found in Section 6 of the CDA document. The rationale sheet contains a unique assumption
identifier and revision number for each assumption. The sheet also contains a statement of
the assumption, background relative to the assumption, which would include the original
statement of the requirement for a requirement assumption, rationale for the assumption,
identification of the organization responsible for substantiation, if substantiation of the
assumption is necessary, and major interfaces. In addition each sheet contains concurrence
signatures of representatives of the M&O Las Vegas Systems Engineering office, the Surface
Design department, the Subsurface Design department, the Waste Package Development
department, the Performance Assessment department, the Regulatory and Licensing
department, and the Scientific Program Integration office.

3.3.25 Identify Studies Required, if Necessary, to Substantiate Each Assumption

Each assumption requiring substantiation will be accompanied by a substantiation tracking
sheet. This sheet (see Figure 3.3-3) will contain the assumption identifier, a short description
of the assumption, and lead and supporting organizations of the substantiation effort. In
addition, the substantiation sheet will contain a statement of the nature of the substantiation
activity, whether the substantiation activity is already in progress, the name of the activity, if
it exists, and concurrence signatures by Systems Engineering, the participants involved in the
substantiation process, and the YMSCO.

3.3.2.6 Incorporate Assumptions In Appropriate Documents Once Substantiated

Figure 3.34 illustrates the process for incorporating assumptions into the baseline and
elsewhere, as applicable. Once the substantiation activity is completed it must go through a
review. If the assumption is to be incorporated in the technical baseline, it must go through a
Configuration Control Board approval cycle. This involves revising the affected documents
and reviewing the revisions. Once the review is complete the change can be presented to the
Configuration Control Board. If the change is approved, it is incorporated in the technical
baseline. If the change is not approved, the document revisions must be reworked or the
substantiation activity restarted. If the assumption does not affect the technical baseline, the
substantiation results can be incorporated directly into the appropriate document after
completing a review of the substantiation results.
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Controlled Design Assumptions
Assumption Rationale Sheet

Assumption Identifier: Revision No. 0 Date: 03/30194

I. STATEMENT OF ASSUMPTION

II. BACKGROUND

Original Version

Requesting M&O organization: ( )Surface, (
Development, or Other (specify:

)Subsurface, ( )Waste Package

Need for assumption (statement of intended use):

III. RATIONALE
Rationale for assumption (source author, date, and report title) or statement of
reasoning behind engineering judgment (e.g., midpoint of ranges given in the YMSCP
Technical Data Base or Reference Information Base):

IV. SUBSTANTIATION
Lead Participant:
( ) No Substantiation Required, (
( ) LLNL, ( )USGS, ( )LANL, (

) M&O
)SNL, (

(Specify group __ _,

)Other (specify: I

Figure 3.3-2. Assumption Rationale Sheet
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Controlled Design Assumptions
Assumption Rationale Sheet

Revision No. 0Assumption Identifler_ Date: 03/30/94

V. MAJOR INTERFACES
Other major CDA assumptions potentially
impacted:

VI. SIGNATURES
Prepared by:

Name Signature Date

M&O Concurrence:
Name Signature

Systems
Engineering: RI D. Memory
Surface
Design: L J. Olgu0 n
Subsurface
Design: K. K. Bhattacharyya
Waste Package
Development: H. A. Benton
Performance
Assessment: S. Mishra
Regulatory
& Licensing: Ken Ashe

cc: LLNL, USGS, LANL, SNL, Other (Specify):

Date

Figure 3.3-2. Assumption Rationale Sheet (Continued)
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Controlled Design Assumption
Substantiation Tracking Sheet

Assumption Identifier

1. ASSUMPTION (Short Description)

2. LEAD ORGANIZATIONS 3. SUPPORTING
PARTICIPANTS

M&O Non-M&O

(
(
(
(
(
(
(
(

)
)
)
)
)
)
)
)

Surface (
Subsurface (
Waste Package (
Systems Eng. (
Site Investigations (
Perf. Assessment (
Regulatory & Licensing
Other

)
)
)
)
)
)

LANL
LLNL
SNL
USGS
SAIC
Other

(
(
(
(
(
(

)
)
)
)
)
)

LANL
LLNL
SNL
USGS
SAIC
Other

4. NATURE OF SUBSTANTIATION

(
(
(
(
(

)
)
)
)
)

Design/Analysis/Modelling
Site Measurements/Lab Tests
Test and Evaluation
Regulatory Analysis
Other

Brief Description:

5. COVERED BY EXISTING OR FUTURE STUDY PLAN

( ) Yes, ( ) No

If yes, Title, Author, and Date of Study Plan (Proposed date if future Study Plan)

Figure 3.3-3. Substantiation Tracking Sheet
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Controlled Design Assumption
Substantiation Trackin! Sheet

Assumption Identifier

6. PROPOSED SUBSTANTIATION COMPLETION DATE / /

7. SIGNATURES

Prepared by:

Concurrence:

Name Signature Date

Name Signature Date

Assumption
Originator:

Lead
M&O:

Lead
Non-M&O:

Supporting
Participant:

YMPSCO: _

cc: LLNL, USGS, LANL, SNL, Other (Specify):

Figure 3.3-3. Substantiation Tracking Sheet (Continued)
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Figure 3.3-4. Process for Incorporation of Data into Baseline
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4. QUALITY ASSURANCE

This report is being developed under applicable procedures as contained in the Quality
Assurance Requirements and Description (QARD) document (DOE/RW-0333P). The content
of the report is conceptual in nature, and reflects work that may exist elsewhere in more
detailed reports and analyses. QAP-2-0 and the MGDS Q-List, Rev. 2, were considered in
determining that much of the subject matter contained in this report pertains to design of
items which are on the Q-List by direct inclusion. However, no QAP-2-3 analyses of these
items have been performed and therefore the QA classification of these items is TBD. The
content of the report represents conceptual design information that has been developed to
date, and may be used to guide future design activities. Therefore, the report has been
designated as QA:QA, and is subject to QARD requirements.

The conceptual and preliminary nature of the document indicates that input to this report may
contain information which was developed under both QA and non-QA classifications, using
both qualified and unqualified data and/or models. As such, data, software and/or models
submitted for inclusion in the document are identified relative to qualification. Figures
contained in this report are preliminary in nature, are intended to convey conceptual
information only, and as such, are not developed under QAP-3-10 control for drawing
development. The document has been prepared according to QAP-3-5 and in accordance with
the TDPP developed for this purpose (BCOOOOOOO-01717-4600-00001, Rev. 00). Review of
this document is performed according to QAP-3-5, Rev. 5, Section 5.3.2.
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5. SITE DESCRIPTION

5.1 GEOLOGY

This section describes the topographic and geologic factors that affect location and design of
the potential repository. Studies of the repository location at Yucca Mountain have focused
on the TSw2 thermal/mechanical unit of the Paintbrush Group since the initial analysis by
Johnstone (SNL, 1984b). That study recommends as first choice for a potential repository
unit, the welded, devitrified Topopah Spring Tuff of the Paintbrush Group, limited to the zone
containing 10 percent lithophysae or less. The Johnstone report is a relative evaluation of
four stratigraphic units at Yucca Mountain and considers as basis for comparison:
radionuclide isolation time, gross thermal loading, excavation stability, and relative
economics. Despite consideration of these four criteria, the majority of the report
concentrates on excavation stability. Subsequent studies by SNL (1984c), and SNL (1985b)
provide a preliminary determination of available area for a potential repository in the TSw2
thermal/mechanical unit. Current ACD work also focuses on the TSw2 unit, but with
consideration of possible use of units immediately above and below. An objective herein is
to present results of current geologic modeling based on the Lynx computer modeling system
(M&O 1994s) that incorporates recent borehole stratigraphic data.

The volume of rock suitable for a repository is considered to be defined by thickness of
overburden requirements, stratigraphic and faulting characteristics, distance to groundwater,
and geotechnical and thermal goal considerations. Where appropriate in considering certain

Q of these bounding conditions, structure contour maps have been developed and are included in
this report. Contour maps and fence diagrams are provided as aids in judging the effect
certain geologic and geotechnical characteristics have on vertical and horizontal positioning of
the repository.

Table 5.1-1 is a listing of the boreholes and the types of information that have been used to
develop inputs with which to define repository block limits. Locations of borings that have
contributed to development of the particular figure are shown where appropriate on the
figures.

5.1.1 Topography

The topographic surface of the Yucca Mountain area is shown in Figure 5.1.1-1 as it is
available from EG&G (1991) at a contour interval of 3.048 m (10 ft). Metric based contours
are not currently available. Figure 5.1.1-1 also shows the principal ESF development. The
outlined area, called the "primary area" or "Area 1" by SNL (1984c), is used here as a
reference outline for repository layout studies because it was initially considered the
approximate lateral extent of the area suitable for a repository. The primary area contains,
"relatively few faults with only minor offset and rare breccia." The primary area does not
necessarily define a lateral limit to repository block development, but provides input and
guidance for determining limits, especially those limits due to faults.
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Table 5.1-1. Summary of Available Borehole Data

USW G-17 a __ _ __ _ a _ __ _

USW G-3/GU3 a X.__ __a _ _ __ _

USW G-4 a __ _ _ _ a _ _ _ _

USW H-I a. a ___

USW H-3 I - a _ _ _ _ _ _ _ _ _ _

USW H-4aa

USW H-5 a _ _ _ _ _ _ _ _

USW H-6 a a _ _ _ _ _ _ _ _

UE-25 J4RG-4 aa _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

UE-23 NRG-S a __ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _

USW NRG-6 a a __ _ _ _ a _ _

USW NRG-7flA a'aa ____

USW _SD-9 XI_ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _

USW SD-12 Xs_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

UE 25-a#I a a __ _ _ _

UE 25-bIl a a _ __ _

UE 25 p#I a X.___ _ __ _

USW UZ-l a _ _ _ _ _ _ _ _

USW UZ-14 a _ _ _ _ _ _ _ _

USW UZ-16 a a _ _ _ _

USW W T-1 a _ _ _ _ _ _ __ _ _ _ _ _

USW WT-2 a _ _ _ _ _ _ _ _

USW Wr-7 a _ _ _ _ _ _ _ _

UE-25 WT04 a _ _ _ _ _ _ _ _

UE-25 WT#13 X.__ __ _ __ _ _ _ _ _

UE-25 WT#14 __ _ _ __ _ __ _ _ _ _ _

UE-25 WITOIS _________

U E-25 w T416 a __ _ _ _ _ _ _ _

UE-27 WT#17a___________a

UIE-25 W T#18_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I Stratigraphv/Structure: USGS. 1994b
2 GeophIsical Logtint; T&MSS. 1994
3 Zeolites: SNL 1985b
4 Lithodn l Cavities: USGS 1984b;

SNL 1993a and 1994c
5 ROD/fracture data: SNI1993c; SNL 1993b and 1994b

6 Groundwater: USGS 1992; Houseworth. 1993: M&O 1993r
RSN 1993. 1994a. b. and c.

7 USW G-2 is located approximately 2530 m norh-northwest of USW G-I
8 Stratiraphv/Stnicture: Data used by R. Elayer (M&O 19941) to modify

USGS (1994b).
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DOE (1986, Section 6.3.1.5.5), based on 10 CFR 60, requires that the site be disqualified if
at least 200 m of overburden does not exist over all parts of the potential repository to
minimize the chance that erosion could disturb the facility. To verify that all portions of the
repository meet this criterion, a subsurface contour map at a depth of 200 m has been
developed from surface topography and is shown in Figure 5.1.1-2. The metric contours on
the plot were developed from a Lynx-system based topographic map from EG&G (1991). All
repository openings, with the exception of accesses, are required to be lower in elevation than
the surface shown in Figure 5.1.1-2. This surface is a factor in determining both lateral and
upper limits for repository development.

5.1.2 General Stratigraphy and Structure

The general stratigraphy of Yucca Mountain is given in Figure 5.1.2-1. Although
stratigraphic nomenclature has been developed in detail by the USGS (1994a),
thermal/mechanical stratigraphy is used in this analysis because of familiarity with this
terminology throughout the Yucca Mountain Project. For ACD the M&O subsurface design
group is locating the potential repository in the TSw2 thermal/mechanical unit of the Topopah
Spring member of the Paintbrush Tuff ("Repository Horizon" CDA Key assumption #022,
M&O 1994b and 1994m). This follows the recommendation of Mansure and Ortiz
(SNL 1984c) that the "target emplacement unit" be the portion of the welded, devitrified
Topopah Spring member of the Paintbrush Tuff that contains less than 15-20 percent
lithophysae. [See also DOE (1994a Section 1.12, item b)]

Figure 5.1.2-2 is a geologic fence diagram that gives an approximate north-south cross-section
through part of the primary area. Stratigraphy of the Topopah Spring tuff and the Calico
Hills tuff is subdivided according to lithostratigraphic contacts and the equivalent
thermal/mechanical units are identified. The TSw2 unit, for example, is subdivided into three
zones. Structural contours on the top surface and bottom surface of the TSw2 are shown in
Figures 5.1.2-3 and 5.1.2-4, respectively. Characteristics of the Topopah Spring tuff
important to repository location are evaluated in the following sections.

5.1.2.1 Lithophysal Zones

Perhaps the most distinctive stratigraphic feature of the Topopah Spring tuff, in addition to
degree of welding, is lithophysae, which are characteristic of certain rock strata. Lithophysae,
because they frequently contain cavities, have been shown to influence the mechanical and
thermal properties of the rock, at least on a laboratory scale (DOE, 1994, 1.1322 and 1.1326).

Lithophysal cavity content in the Topopah Spring tuff, as evidenced by borehole data given in
Figure 5.1.2-5, shows a distinct zone of cavities significantly greater than 10 percent (at least
30 percent in some boreholes) by volume in the lower to middle portion of TSwl. Elsewhere
in the section (Figure 5.1.2-5) there is no comparable concentration of cavities. For this zone,
cavities make up 5 to 30 percent of TSwl based on measurements of core from USW borings
GU-3, G4, G-1, and G-2 (USGS 1984b) (Figure 5.1.2-5). In addition, borings NRG-6 and -7
have cavities estimated to range from 0 to 11 percent and from 0 to 16 percent, respectively,
for the same zone (SNL, 1994b). The base of this zone ranges from 12 to 49 m above the
TSwltTSw2 contact, as indicated in Table 5.1.2-1. The base of this zone
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Figure 5.1.2-1. Representative Stratigraphic Column for Yucca Mountain.
(Thermal/mechanical stratigraphy based on from Ortiz et al., 1985 and DOE,
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will herein be referred to as "the base of the zone of greater than 10 percent lithophysal
cavities" (> 10 percent), even though the zone has been estimated to contain densities up to
30 percent in some boreholes. The base of this zone is identified because lithophysal cavity
concentrations below the base are generally no more than 5 to 10 percent as explained in the
following sections, while above the base lithophysal cavity concentrations commonly range
from 10 percent to 30 percent. The base of this zone marks a significant change.

By inspection of Figure 5.1.2-5, it can be seen that the TSw2 unit rarely contains more than
10 percent lithophysal cavities by volume. This is confirmed by estimates from borings
NRG-6 and NRG-7, which give percentages for TSw2 ranging from 0 to 2 percent and from
0 to 6 percent, respectively. An exception to this has been noted in NRG-6, where
observations of TSw2 strata by downhole videotape found numerous lithophysal cavities
greater than 100 mm in an interval from about 142 to 150 m (USGS 1993a). Geophysical
density logs (T&MSS, 1994) suggest that this lithophysal cavity zone in the TSw2 may be
laterally continuous, but no data are available to confirm this observation. Geophysical logs
are currently being examined to more accurately map the base of the high lithophysal zone in
TSw 1 as well as the top and bottom of TSw2.

Table 5.1.2-1. Depths and Elevations of the Base of the TSwI Zone of 10 Percent or Greater
Lithophysal Cavities and of the TSwl/TSw2 Contact.

Borehole Collar Elevation Base of Zone of TSwlITSw2 Contact&
m (11) >10% Cavities dm (:)

depth elevation depth elevation

USW G-1 1326 183 1143 218 1108
(4349) (600) (3749) (715) (3634)

USW G-2 1554 347 1207 380.7 1173.3
(5098) (1140) (3958) (1249) (3849)

USW G-3/GU-3 1480 207 1273 219 1261
(4857) (680) (4177) (720) (4137)

USW G-4 1270 183 1087 207 1063
(4167) (600) (3567) (680) (3487)

UE-25 NRG-5 1252 207 1044 245.5 1006.1
(4106) (680)4 (3426) (805) (3300)

USW NRG-6 1247 186 1061 217.3 1030.0
(4092) (610) (3482) (713) (3379)

USW NRG-7A 1282 183 1099 232.1 1050.2
(4207) (600) (3607) (762) (3446)

Notes:
I EG&G (1994)
2 USGS (1984b), SNL (1993a and 1994a and c)
3 USGS (1993a and b). SNL (1993a and 1994a)
4 T&MSS (1994)
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In USGS stratigraphic terminology (USGS, 1994b) the TSw2 unit includes, from top to
bottom, the middle nonlithophysal zone (mn), the lower lithophysal zone (11), and the lower
nonlithophysal zone (In) (Figure 5.1.2-1 and Figure 5.1.2-2). Judging from Figure 5.1.2-5,
lithophysal cavities in the northern part of the area are distributed more or less uniformly
throughout the TSw2 unit, while three zones, either nonlithophysal or lithophysal, become
discernible to the south (Figure 5.1.2-5). Further differentiation of zones within the TSw2
unit based on lithophysae content may be possible in some portions of the Yucca Mountain
area using a combination of downhole geophysics and core logging.

The TSwlfTmn contact is being identified on boring logs based on lithostratigraphic criteria
developed by the USGS (1994a) that include lithophysae content, color, and fracture
morphology. The USGS considers this a mappable contact marking the transition from the
middle nonlithophysal zone to the overlying upper lithophysal zone. The TSwl/TSw2 contact
as selected by SNL (1985) and Peck, Clanton, Rautman, Spengler, and Vaniman (1991)
apparently more closely matches the criteria for the lithostratigraphic contact than one based
strictly on a change in lithophysal cavity content.

Strata containing less than approximately 10 percent by volume lithophysal cavities include
the mn, 11, and In zones of the TSw2 unit plus a zone extending 12 to 49 m stratigraphically
above the TSwlflSw2 contact (Table 5.1.2-1) to "the base of the zone of greater than 10
percent lithophysal cavities" (the zone identified above). This stratigraphic interval, extending
from the top of the TSw3 to the base of the zone of greater than 10 percent lithophysal
cavities, in general, has less than approximately 10 percent by volume lithophysal cavities and
is the interval being considered for repository development for current ACD work. Site
characterization has not provided enough information to allow more than a preliminary
evaluation of this interval, thus the interval finally chosen for the repository may differ. As
stated above, the base of the zone of greater than 10 percent lithophysal cavities marks a
significant increase in cavity density, an approximate change from an average of about 5
percent to an average of about 15 percent. The actual significance to repository design of
lithophysal cavity density and the influence of higher percentages, say greater than 10 percent,
is unknown.

5.1.2.2 Zeolitic Tuffs

The occurrence of tuff strata containing zeolites at Yucca Mountain has been considered a
major benefit for the postclosure performance of a potential repository. Zeolites are thought
to provide a barrier to nuclear waste migration because of their potential to sorb certain
important radionuclides from the groundwater (LANL 1986). Although their effectiveness
may be decreased in a rock mass where fluid flow is predominately through fractures, zeolitic
tuffs could block downward migration of radionuclides in the unsaturated zone and hinder
lateral migration in the saturated zone (DOE 1986, LANL 1986, and LANL 1984).

Using available cross sections that indicate strata containing zeolites, some broad trends can
be observed in the relative thicknesses of these strata beneath the potential repository area,
mainly within the Calico Hills and the Crater Flat Tuff. For example, Figures 6-10 through
6-13 in the Environmental Assessment (DOE 1986 and Figures 2 and 3 of LANL 1986) show
a concentration of zeolitic tuff trending generally north-south beneath the east side of Yucca

BOOOOOOOO-01717.5705.OOOS Rev. 00 120/945-12 08/29/4



Mountain. This concentration diminishes considerably to the west under Yucca Crest and
apparently diminishes also to the northwest. It is uncertain how significant these changes are,
but beyond the Yucca Crest to the west there are fewer occurrences of zeolitic tuffs in the
unsaturated zone.

The trends of zeolitic strata described above cannot be substantiated. The principal data
(LANL 1986; DOE 1986; LANL 1984) which form the bases for the spacial extent of zeolitic
tuffs as Yucca Mountain are quite limited, especially for ascertaining the thickness and lateral
continuity of possible zeolitic tuff strata between the repository and the groundwater surface.
Sampling has been infrequent and lateral correlation between borings is not established.
Consequently, no optimum relationship can be established between zeolite distribution and
repository location.

5.13 In Situ Stress

The maximum principal stress is the vertical stress due to lithostatic load, which at the
potential repository horizon has an approximate value of 7.0 MPa. Horizontal stresses are
expected to be lower with an average minimum of 3.5 MPa and an average maximum of
4.2 MPa. Values of horizontal stresses could range from 2.1 to 7.0 MPa. The in situ stress
components from the SCP-CDR (SNL 1987a, Section 2.3.1.9) are given in Table 5.1.3-1.

The in situ stress values shown in Table 5.1.3-1 are generally confirmed by a stress profile in
DOE (1994, Section 1.27) calculated for the ESF test area, which gives for a 300 m depth:
vertical stress = 6.0 MPa, maximum horizontal stress = 4.2 MPa, and minimum horizontal
stress = 2.1 MPa. A constant ratio of maximum to minimum horizontal stresses of 2:1 was
assumed for this analysis. The SCP-CDR horizontal stress ratio by contrast is only 1.2:1.

In general, horizontal in situ stresses at the repository site are expected to be low;
consequently, failure modes around underground openings during construction will be mainly
structurally controlled (see for example SNL 1991b, Figure 12-5). Minimum and maximum
horizontal/vertical stress ratios are close, indicating a weak horizontal stress anisotropy.
Consequently, lateral stresses should be approximately the same and the effects similar for all
drift orientations. Horizontal stress anisotropy may become significant only during thermal
loading as horizontal stress shows a greater increase in a north-south direction along the
probable long-axis of the repository.
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Table 5.1.3-1. Average Values and Ranges for Principal Stresses at the Proposed Repository
Horizon (SNL, 1987a, Section 2.3.1.9).

Parameter I Average Value Range

Vertical Stress 7.0 Mpa 5.0 to 10.0 Mpa

Min. Horiz./Vertical 0.5 0.3 to 0.8

Max. Horiz./Vertical 0.6 0.3 to 1.0

Bearing Min. Horiz. N57°W N500W to N650W

Bearing Max. Horiz. N320E N250E to N400E

5..A Seismicity

Seismic design criteria, including requirements for vibratory ground motions and fault
displacement hazards, have not yet been developed for repository design. In this regard, the
M&O is preparing a series of topical reports documenting seismic design methodologies,
design criteria, and seismic hazards for repository seismic design. A recently completed
document (M&O 1994v) gives preliminary values of vibratory ground motions for ESF design
and provides an initial assessment of ground motions that can be used for repository
conceptual design.

Rock support conceptual design for the repository has in general been based on a rock bolt
system, although other systems such as those using linings are also being considered. A rock
bolt system incorporates rock bolts, mesh, and straps, and has an inherent flexibility to
accommodate seismically generated strains. In addition, the long-term effectiveness of any
support system will be enhanced by TBM excavation, which produces a stable circular shape
and relatively smooth maintainable excavation surfaces.

Empirical evidence and numerical analyses (SNL 1991b; SNL 1990) indicate that the
currently proposed conceptual designs for shafts and ramps are satisfactory for long-term
seismic stability for the particular thermal conditions considered (14 W/m). Significant rock
disturbance is noted only for certain limiting cases where seismic loads, arbitrarily set at 1.67
times design, are combined with in situ and thermal loads. In these cases additional ground
support is indicated (SNL 1991b, Section 12).

5.1.5 Faults

Surface faulting is shown in Figure 5.1.5-1, and subsurface fault traces are shown in Figure
5.1.5-2 at the approximate ESF main drift elevation of 1067 m (3500 ft)(M&O, 1994o), and
at the top and bottom of the Tsw2 unit on Figure 5.1.2-3 and Figure 5.1.2-4, respectively.
Figure 5.1.5-2 represents the repository horizon for current work on layout design during
ACD. Locations of fault traces on the four figures vary due to the different elevations of

i...' each figure. The primary area and ESF drifts are also shown on both figures. Boundaries of
the primary area, in general, lie within the region bounded by both surface and subsurface
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fault traces, except in the northwest corner where fault traces cut across the primary area. In
<> addition, the Ghost Dance Fault is within the primary area, dividing the area into two blocks

along an approximate north-south line.

For layout design and/or construction, a fault or fault zone is avoided or given special
consideration in situations where potentially poor ground conditions for underground
excavation or waste emplacement are indicated. For example, poor ground conditions could
be indicated by a fault that traverses a large portion of the primary area, is adversely oriented
relative to planned openings, has significant offset, or is associated with abundant fracture or
fault traces. In addition, a fault or fault zone is avoided or given special consideration if the
fault has potential for seismically induced displacement (that is, a "Type I" fault as described
by NRC, 1993). Faults or fault zones that are important enough to be avoided or given
special consideration are herein termed "major."

The applicability of these criteria to faults at Yucca Mountain has not been determined.
Estimated fault displacements are approximate and ground conditions can only be estimated
until underground investigations are completed. Quatemary movement has occurred on the
Solitario Canyon fault, but is considered of low probability for the Ghost Dance Fault
(M&O, 1994a). In general, however, the question of seismic potential is unresolved for most
faults in the area. Until further information is available, therefore, it is assumed that faults
significant to repository location include: the Drill Hole Wash Structure, the Ghost Dance
Fault, the Imbricate Fault Zone, and the Solitario Canyon Fault (Figure 5.1.5-1). The
significance of the recently identified "Sundance Fault System" has not been resolved,

w although it appears to be related to the intersecting Ghost Dance Fault System (Spengler et
al., 1994).

Standoffs of repository boundaries from major faults are specified as assumptions for ACD
(M&O 1994m, Key assumption #023), that is: repository openings will have a standoff of 60
m from the main trace of a major fault, except that 120 m will be the offset on the west side
of the Ghost Dance Fault. Although it is considered prudent for ACD to select standoffs to
avoid major faults, standoffs may change as additional field data become available. The use
of a 120-m standoff on the west side of the Ghost Dance Fault is based on additional
uncertainty regarding the nature and number of faults in a zone identified by the USGS as the
Ghost Dance Fault zone (Spengler et al.). However, there is currently no evidence that the
Ghost Dance Fault has any unusual characteristics in comparison with other faults at Yucca
Mountain.

5.1.6 Joints

Attitudes of steeply-dipping joint sets in the Topopah Spring member are listed in Table
5.1.6-1 based on limited data from borings USW Gl, UE 25a-4, 5, 6, and 7, USW G4 and
USW GU-3. Strikes of the steeply-dipping sets fall into three general groups with trends:
north, northeast, and northwest, as shown in Figure 5.1.6-1. Dips generally range from 75 to
90o. The steeply-dipping joint predominate, as indicated by the data set form USW Go and
USW GU-3 in which joints dipping form 60 to 90 account for 94 percent of the fractures

Kf (Lin, Hardy, and Bauer, SNL 1993a, Section 3.0). A fourth group of joint sets has low-angle
dips with strikes from N850W to N5VE.
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Figure 5.1.6-1. Rosette Diagram of Joint Set Trends (Table 5.1.6-1). (Maximum in situ
stress is NE and minimum is NW [Table 5.1.3-1]. Favorable drift orientation
is discussed in Section 8.2.1.3.)
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The dominant trend for all joint data is the approximate north trend of steeply-dipping sets.
The northeast trend is significant in the UE 25a holes and in GU-3 and also shows up in
USW G-1 and USW G4. The northwest trend is generally a minor set although significant
locally in USW G4. For design analysis, the SCP-CDR (SNL 1987a) recognizes sets at
N120W (north trend) and N34WE (northeast trend) as significant, which agrees with the
observations presented here.

Table 5.1.6-1. Strikes and Dips of Joint Sets in the Topopah Spring Member*

N-trending sets NE-trending NW-trending Sets with low-
with steep dips sets with steep sets with steep angle dips

dips dips

USW G-I N5`W; 610S N280E; 640S N33`W; 50"S

UE 25a-4,5,6,7 N120W; 90° N370E; 90° (N400W; 780S) (N200W;
100E)

USW G-4 N5`W; 900 (N300E; 900) N40`W; 900 (EW; 300N)

USW GU-3 N10°W; 900 N450E; 90° (N400W; 850N) (N280E; 100E)

Notes:
( ) Indicate an infrequent or minor joint set

* Data from USGS 1983; USGS 1984a; USGS 1981; USGS 1984b.

5.1.7 Groundwater

The groundwater surface (potentiometric surface) must be "sufficiently below the underground
facility such that the fully saturated voids continuous with the water table do not encounter
the host rock" (DOE, 1986). Figure 5.1.7-1 shows groundwater contours for the Yucca
Mountain area based on data presented in USGS (1992) and in Ervin, Luckey, and Burkhardt
(1993). Over the central and eastern part of the primary area the groundwater surface has a
shallow gradient, dropping from an elevation of 740 m on the east side of Yucca Crest to 730
m east of the primary area where the overall gradient is essentially flat (USGS 1992). The
gradient is steeper in the western part of the primary area, where the groundwater surface
drops from 770 m to 740 m. And at the extreme northwestern corner of the primary area, the
groundwater surface increases in elevation to 900 m. This steeper gradient is part of an
overall "large hydraulic gradient" of > 0.15 (USGS 1992).
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Perched water was encountered at an elevation of 968 m duri ,the drilling of borehole
USW UZ-14 and at an elevation of 961 m in USW UZ-I ab6ii27 m away (Houseworth,
1993). Perched water in UZ-1 and UZ-14 was determined to have been contaminated by
polymer drilling fluid from borehole USW G-I (Houseworth 1993). These occurrences of
perched water are located beneath the northwest-trending Drill Hole Wash and
stratigraphically at or below the basal vitrophyre (TSw3) of the Topopah Spring member of
the Paintbrush Tuff. An additional occurrence of perched water near the upper contact of the
basal vitrophyre was found in boring UZ-16 (RSN 1993). Perched water near the top of the
TSw3 (vitrophyre) is also indicated in boreholes NRG-7 (RSN 1994a), and NRG-9
(RSN 1994b), which raises the possibility that perched water near the top of the TSw3 unit is
a general condition in the Yucca Mountain area.

5.2 GEOENGINEERING DATA

Geoengineering'data are needed for repository ACD primarily to define repository block
limits. In this context data needs include RQD and certain mechanical and thermal rock
properties. Application of these data to the definition of repository block limits is discussed
in Section 8.2, Geoengineering Considerations.

An important geoengineering data source for the repository ACD is the RIB (YMP, 1994a).
The REB is the authorized project database, and if appropriate data are not in the RIB, the
YMP/EG&G GENISES database is available. Drillhole data (North Ramp Geology borings),
recently obtained in the repository area, are available in preliminary form, and will eventually
be incorporated into the GENISES database and listed in the YMP Technical Data Catalog.

5.2.1 Rock Quality and Rock Properties

The RQD index, which is the principal input parameter for the Q (Barton, Lien, and Lunde,
1974) and the RMR (Bieniawski, 1973) rock mass classification methods, provides a means
of characterizing rock quality for the Topopah Spring tuff. RQD and certain rock properties
important to repository location are discussed in the following.

5.2.1.1 Rock Quality

RQD is plotted as histograms in Figure 5.2-1 for the six borings for which these data are
available. Values greater than 50 percent (fair, good, or excellent RQD) are solid bars while
open bars indicate less than 50 percent (poor or very poor RQD). In the Topopah Spring tuff
the upper TSwl unit and the lower TSw2 and the TSw3 have relatively high RQDs. The
TSw2 unit has lower RQD values overall, especially in the vicinity of the potential repository,
although RQD is quite variable and data are limited. The Calico Hills, immediately below
the TSw3, appears to have uniformly high RQD values except perhaps to the south as shown
by boring GU-3.

Lin, Hardy, and Bauer (SNL 1993c, Section 6.0) state that lithophysal-rich units commonly
are associated with a slight decrease in joint frequency. That is, RQD might be expected to
increase (fewer joints) with increasing lithophysal cavity content. However, comparing Figure
5.1.2-5 with Figure 5.2-1, RQD appears to decrease with increasing lithophysal porosity in
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TSwl for borings G-4 and NRG 7A and in TSw2 as seen in boring G4. Other borings
show the opposite correlation. In general, correlations between lithophysal porosity and RQD
are weak. Lithophysal porosity, therefore, is not a reliable indication of RQD.

Inspection of Figure 5.2-1 indicates that zones of similar RQD do not occur at the same
stratigraphic intervals from borehole to borehole. Typically, there is a change in rock quality
between TSwl and TSw2, but the change is not necessarily the same from one borehole to
another. For example, the lower 60 m of TSw I has relatively high rock quality in GU-3 but
the same interval in G-4 has low quality. Likewise, preliminary RQDs from boring NRG-6
(SNL, 1993b) can be grouped into zones of similar rock quality within the TSw2 but the
zones are not laterally consistent with other borings. In practice, avoidance of zones of low
rock quality may prove difficult due to lateral and vertical variability of RQD. Also, it does
not appear that RQD can be used as a general factor in determining repository horizon limits
within the TSw2 and TSwl units.

5.2.1.2 Mechanical and Thermal Properties

Strength and modulus data provide an index for judging the relative stability of tuff units.
The RIB (YMP, 1994a, Section 1.1322, item a) identifies the TSw2 as a densely welded tuff
having an average intact UCS (unconfined compressive strength) of 155 MPa and an average
modulus of about 33 GPa. The overlying TSwl unit has intact properties similar to the TSw2
except where the rock contains a significant number of lithophysal cavities'(> 10 percent); the
presence of which can reduce intact UCS and deformability by as much as 90 and 50 percent,
respectively. The TSw3 unit differs from TSwl and TSw2, being moderately welded with a
glassy lithology that indicates a possible brittle behavior. Intact UCS values for the TSw3 are
approximately one-third to one-half the TSw2 values. The CHnI unit, lying below the TSw3
(Figure 5.1.2-1), has average UCS values from about 10 percent to 60 percent of the TSw2
values (DOE, 1994, Section 1.1322, item a).

Therefore, among the TSwl, TSw2, TSw3, and CHnl units, the TSw2 unit has the highest
strength and deformability values. Within the TSw1 and TSw2 units, the occurrence of
lithophysal cavities at concentrations higher than at least 10 percent reduces strength and
deformability. At what point lithophysal cavity concentrations become significant to
repository design is unknown, however, zones of relatively high lithophysal porosity such as
the zone described in Section 5.1.2.1 are a consideration for conceptual design.

Thermal conductivity could determine the suitability of the tuff units for storage of waste
packages. Thompson (!1&O 1993m) found that a 30 percent change in thermal conductivity,
corresponding to a variation in lithophysal porosity of approximately 10 percent (a change
from 0 to 10 percent lithophysal cavity porosity), produces less than a 1.6 percent change in
waste package temperature. The impact of a lithophysal porosity that constitutes more than
10 percent of the rock mass has not been evaluated.
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5.3 HYDROLOGY

Hydrologic data pertinent to repository location and ACD activities is addressed in Section
5.1.7. The groundwater surface is shown in Figure 5.1.7-1 and information on the possible
occurrence of perched water is also described in Section 5.1.7. Rock hydrologic properties
are given in Section 1.1321 of the RIB (YMP 1994a).

5.4 GEOCHEMISTRY

Data related specifically to soil, groundwater, or rock geochemistry have not been specifically
considered for ACD. Rock mineralogy, that is, the occurrence and distribution of zeolitic
strata, is discussed in Section 5.1.2.2.

5.5 CLIMATOLOGY AND METEOROLOGY

Data related to site meteorology are not specifically addressed herein but are given in Section
1.3 of the RIB (YMP 1994a).
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6. WASTE PACKAGE/ENGINEERED BARRIER DEVELOPMENT

On October 1, 1992 Waste Package Development initiated Advanced Conceptual Design.
This is the second phase of a three-phase design effort, which consists of Pre-Advanced
Conceptual Design (Pre-ACD), Advanced Conceptual Design (ACD), and License Application
Design (LAD). Section 6 provides the reader with a review of the Waste Package
Development process to date. The evaluations and results presented in this section support the
goal of the Waste Package Implementation Plan (YMP 1993f), and support the Engineered
Barrier Design Requirements Document (YMP 1 993a).

The waste package strategy is to develop an Engineered Barrier Segment (the waste package
and the surrounding environment). The waste package must provide substantially complete
containment of the spent nuclear fuel and defense high level waste for a minimum of 1000
years. After the containment period, the Engineered Barrier Segment must control release to
the near field. To accomplish this, a deterministic and probabilistic approach to design and
scientific studies has been adopted. The designs developed during Pre-ACD would allow a
waste package to fail by a single failure mode, whereas the multibarrier designs which have
been developed during ACD allow waste package failure only with multiple independent
failure modes. The NRC generally endorses such defense-in-depth design and license
strategies.

At the start of ACD, seven distinct Waste Package/Engineered Barrier Segment concepts
where developed. As ACD progressed, parametric evaluations and DOE directives have

K..' allowed the selection of three final ACD design concepts: MPC and container, defense high
level whiqte package, and uncanistered spent fuel waste package.

Work during ACD has been based on the ten years of data generated during Pre-ACD. The
scientific and engineering data gathered over the past years were the basis from which the
ACD design concepts were identified. The major goal of the ACD phase is to evaluate waste
package/engineered barrier (WP/EB) concepts and select those that would be carried into Title
I of the License Application Design (LAD) phase. To accomplish the selection, a number of
parametric engineering evaluations were performed. The parametric evaluations included
thermal response of the waste package and repository to a number of variables including age
of spent nuclear fuel (SNF), stored energy (burnup), initial U-235 enrichment, repository area
mass loading (AML) and area power density (APD), drift spacing, waste package spacing,
material properties of the waste package and repository, and SNF receipt rate. Included in the
parametric evaluations was an understanding of long-term criticality behavior. The
evaluations explored many different initial enrichments and configurations. The results of the
evaluations have contributed significantly to the understanding of long-term disposal
requirements.

The MPC had previously been included as a waste package concept, but since DOE's
acceptance of the MPC system, the majority of the analytical work has been devoted to
developing that system. Much of the waste package design effort has been focused on the
design of the MPC and response of the repository to the MPC. For the MPC to be
economical for the utilities, its capacity should be as high as practical. Maximizing MPC
capacity will cause the thermal output of the device to be relatively high; therefore, the MPC
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is compatible with the "Dry" or "Extended Dry" repository thermal load scenarios, but its
compatibility with the low thermal load scenario (as it is presently defined) is questionable
unless the MPCs are cooled through extended surface storage. For young fuel, the thermal
output of a single large MPC will be high enough to ensure above-boiling conditions in the
near field. With additional aging of the SNF, the large capacity MPCs may be compatible
with a low thermal load repository. The large capacity MPC also lends itself to drift
emplacement.

In addition to the parametric thermal and criticality evaluations, a number of engineering
calculations and design bases were developed: i.e., the SNF bases of design for thermal and
criticality evaluations were defined; shielding requirements were developed and evaluated;
variations in internal temperatures due to different SNFs were explored; initial cost estimates
for a range of waste package sizes were developed; initial material selection criteria were
developed; fuel rod cladding performance was studied; structural response over time was
analyzed; three system studies were supported; and performance assessment was supported.

The results shown in this section of the status report are presented in a sequence which will
provide the reader an understanding of the calculations and the methods by which they were
performed. The information is presented chronologically; the evaluations show the
progression from simplified calculations to the more complex ACD evaluations, in preparation
for the initiation of Title I design on October 1, 1994.

This section is not intended to provide the answers to all the questions and concerns regarding
all of the waste package design options, but rather to provide the guidance needed to continue
into Title I/LAD. Section 6 is structured such that each section can be reviewed individually;
i.e., one could look at the thermal evaluations in Section 6.6 without having to review other
sections.
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6.1 WASTE PACKAGFIENGINEERED BARRIER BASIS

The goal of the Engineered Barrier System/Waste Package Development Group for the Yucca
Mountain Site Characterization Project (YMP) is to develop a design for a WP and support
the development of the requirements for the Engineered Barrier (EB) System that meet the
applicable regulatory requirements for safe disposal of SNF and vitrified high-level
radioactive waste (HLW) in a geologic repository.

The definitions for the WP and the EB System are taken directly from 10 CFR 60.2. The
WP is defined to include "the waste form, and any containers, shielding, packing and other
absorbent materials immediately surrounding an individual waste container." The EB System
"means the WP and the underground facility" where the underground facility is defined as
"the underground structure, including openings and backfill materials, but excluding shafts,
boreholes, and their seals."

The EB Segment includes the emplaced WPs (the waste forms and any containers, shielding,
packing, and other absorbent material immediately surrounding individual waste containers)
and any other engineered devices or Imaterial provided to provide waste isolation. The
Engineered Barrier Segment differs from the EB System as defined in 10 CFR Part 60.

The results presented in Section 6, WP/EB Development are in support of the Waste Package
Implementation Plan (YMP 1993f) and based on the Engineered Barrier Design Requirements
Document, YMP 1993a). The evaluations and results support the goals of the WP designs
and processes defined in the plan and requirements documents. The recent development of
the "Controlled Design Assumptions" (CDA) document has provided the ACD design teams
with a common assumption list. The CDA is an accumulation of engineering assumptions
and "Key Assumptions" provided by the YMP DOE. The Engineered Barrier Design
Requirements Document, in conjunction with the NRC, EPA, and DOE requirements, provides
the basis for design requirements that affect WP/EB design features. In addition, specific
design goals have been established to provide quantitative design and to minimize the
potential risk to the public. Some of the basic design requirements and design goals are
highlighted in the following sections.

NRC Regulations

* Substantially complete containment for 300 to 1000 years, 10 CFR 60.113 (a)(l)(ii)(A)

* Release requirement(s) of 10 CFR 60.113(a)(1)(ii)(B); release rate of radionuclides
from WP/EB of I part in 100,000 per year of inventory at 1,000 years after
emplacement; this requirement applies following the containment period of 300 to
1000 years

* Criticality (k(in>< 0.95) 10 CFR 60.131 (b)(7)

e Retrievability, 10 CFR 60.11 I(b) (... up to fifty years after initial emplacement...)

* 10 CFR 20 for worker dose.
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Design Goals

* Centerline fuel rod temperature less than 350'C was adopted. This limit is maintained
to permit performance credit for the fuel rod cladding (TBV)

* TSw2 rock temperature limit of 200'C (one meter into the rock for borehole) (TBV)

* Thermal loading of the repository (TBD)

* Reliability (TBD)
- Design
- Fabrication

* WP/EB surface radionuclide dose (TBD).

One of the tools that will be applied to the design is a probabilistic approach that takes into
account that breaches are likely to be distributed over time. In other words, probabilistic
methods deal with the mean-time failure of components. The general distribution of breach
occurrence over time is shown in Figure 6.1-1. Other distributions, such as a Weibull
distribution, will be included in the evaluation. A goal of the WP design and performance is
to move the predicted distribution for breach and loss of containment to the right, i.e., further
out in time. Along with a greater mean containment life of the WP/EB, design features will
be incorporated to flatten the distribution curve. By flattening the distribution the number of
breach events are stretched out in time. By distributing the WP breaches any presumed one-
time release would not exceed the EB System release requirements of 10 CFR
60.1 13(a)(1)(ii)(B).

In the following sections, a chronological review of the WP Development activities for ACD
will be presented.

Section 6.2
Section 6.3
Section 6.4
Section 6.5
Section 6.6
Section 6.7
Section 6.8
Section 6.9
Section 6.10
Section 6.11

Advanced Conceptual Design Waste Package Options
Design Basis Spent Nuclear Fuel
Fuel Rod Cladding Barrier Life Evaluation
Materials Selection
Waste Package and MPC Thermal Evaluations
Structural Evaluation
Neutronics Evaluations
Waste Package Risk Analysis
Performance Analysis
Waste Package Engineering Development Tasks
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6.2 ADVANCED CONCEPTUAL DESIGN WASTE PACKAGE OPTIONS

6.2.1 Waste Package Concept Ranking

For the ACD phase, engineering evaluations are being conducted on selected WP and
associated EB designs to establish their ability to satisfy design, materials, and performance
requirements, based on selected reference sets of the near-field environment and waste
characteristics. Consideration is also being given to: the WP and EB manufacturing
processes anticipated for fabrication; repository procedures for WP closure including postweld
heat treatment and postweld inspection; and to postemplacement remote in-service inspection
of WPs selected for the performance confirmation program.

WP concepts will be evaluated and documented for standard SNF, nonstandard SNF, and
vitrified glass waste. Early in the License Application Design (LAD) phase, a primary and a
secondary option will be selected from the ACD design concepts for: MPC disposal
container, an uncanistered SNF WP, and Defense High Level Waste (DHLW) Package.

From the beginning of the ACD phase, the WP development process has been evolutionary.
As systems strategies and long term performance strategies evolved, there has been a
corresponding response in WP design options. At the start of ACD, there were seven WP
design options:

1. Metallic Multibarrier
2. Metallic Multibarrier Shielded
3. Small Metallic Multibarrier Borehole
4. Nonmetallic/Metallic Multibarrier
5. Multi-Purpose Canister with Disposal Container
6. Universal Cask (Multi-Purpose Unit)
7. SCP-CDR (Single Container) Borehole.

With the implementation of the MPC as the prime SNF waste handling concept throughout
the waste management system, the WP design options have been realigned. The current WP
concepts are:

1. MPC with Disposal Container (Waste Package)
2. Uncanistered Spent Nuclear Fuel (UCF) Waste Package
3. DHLW Package.

These three WP design concepts support the DOE-fostered "Focused ACD" effort.

6.2.2 Description of ACD Initial Waste Package Design Options

At the start of ACD, seven WP design options were developed to encompass the anticipated
waste disposal needs. This section provides a short description of each option.
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A. Option 1. Metallic Multibarrier

The Metallic Multibarrier Waste Package design concept features are:

1. Drift emplaced
2. Metallic barriers
3. Multibarrier
4. Partially shielded
5. Capable of containing filler materials as buffers and/or barriers
6. Takes advantage of backfill performance.

A multibarrier concept uses a disposal container consisting of two or more layers of
corrosion allowance and corrosion resistant materials that are tolerant to a wide range
of environments. Depending on the design needs, the best combination of corrosion
barriers will be chosen. If the environment is relatively uncertain, a combination of
materials would be used.

The Metallic Multibarrier Waste Package has evolved from the design, material
selection, and performance analysis information developed over the years. This
concept would provide substantially complete containment for longer than 1000 years,
with a goal of much longer than 1000 years. Figure 6.2-1 shows a multibarrier
containment concept using metallic materials that are resistant to degradation over a
wide range of expected repository environments. The multibarrier WP design includes
an innermost metallic containment barrier that is compatible with the waste forms. If
the WP outer barrier is breached, the innermost metallic barrier would also be resistant
to humid air and aqueous environments. The outermost metallic containment barrier
material would be tolerant of the anticipated external environment. If needed,
additional intermediate materials would be included to provide transitions and/or
buffering between the principal barriers. With a multibarrier WP concept, each barrier>
would not only provide a primary containment barrier, but would provide backup to }
the other barrier materials, i.e., a defense-in-depth design approach.

The metallic multibarrier concept is not intended to provide complete shielding from
ionizing or neutron radiations coming from the SNF assemblies. Since the SNF is a
dense material and has an affinity for neutrons, the outer SNF assemblies in a
moderately-loaded waste package would act as a partial shield to the inner SNF
assemblies and reduce the overall ionizing radiation burden to the environment.
Evaluations have indicated that SNF self-shielding would allow more SNF assemblies
to be placed in a package with only a slight increase in the radiation burden to the
environment.

In addition to the metallic barriers, optional use of filler materials that are in contact
with the spent nuclear fuel will be investigated. These filler materials have the
function of buffering the anticipated internal environment if a breach occurs and/or
providing a sponge-like local environment for moisture and/or radionuclides. The
thermal characteristics of the material will be important with most filler materials.
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Filler materials may tend to insulate the SNF so that the 350'C fuel rod thermal design
upper limit may be exceeded.

Any backfill material for in-drift emplaced WPs could be designed and emplaced in
such a way as to provide environmental buffering, water shedding, ionizing radiation
shielding, and protection from rock falls.

B. Option 2. Metallic Multibarrier Shielded

The Metallic Multibarrier Shielded Waste Package design concept features are:

1. Drift emplaced
2. Metallic barriers
3. Multibarrier
4. Ionizing radiation shielded
5. Capable of containing filler materials as buffers and/or barriers
6. Would take advantage of backfill performance.

This concept is similar to Option I with two exceptions: the amount of SNF that it can
contain, and the lower ionizing radiation at the surface of the WP. For this concept,
the ionizing radiation shielding makes up a large part of the total mass and therefore
the number of SNF assemblies per package would be restricted, as shown on Figure
6.2-2. It is estimated that 300 to 450 mm of gamma and neutron shielding materials
would be needed as part of the design. The overall size and total mass of the WP
designs for Option 1 and Option 2 would be similar; however, Option 2 would dispose
of fewer SNF assemblies per package.

C. Option 3. Small Metallic Multibarrier Borehole

The Small Metallic Multibarrier Borehole Waste Package design concept features are:

1. Borehole emplaced
2. Metallic barriers
3. Multibarrier
4. No attempt to minimize ionizing radiation from the spent nuclear fuel
5. Capable of containing filler materials as buffers and/or barriers
6. Would not take advantage of backfill performance.

This concept has some similarities to Option 1 with significant differences primarily
due to the WP being emplaced in a borehole. Borehole concepts are limited to smaller
waste package diameters, about one meter in diameter, due to borehole stability and
WP handling considerations. As is shown on Figure 6.2-3, this concept also provides
a multi-layer corrosion barrier concept. Similar to Option 1, the transporter would
provide the needed personnel shielding during handling and emplacement. The
borehole closure plug would need to be designed to provide substantial shielding
qualities after emplacement to allow direct access to the drifts.
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As in the preceding two concepts, internal buffering of the SNF is possible. Since
the WPs would be in a borehole, the drift backfill material would not be in
contact with the WP. Thus, any drift backfill would not provide any direct
performance enhancement to the WP.

D. Option 4. Nonmetallic/Metallic Multibarrier

The Nonmetallic/Metallic Multibarrier Waste Package design concept features are:

1. Borehole and/or drift emplaced
2. Ceramic and/or composite barriers optionally in combination with metallic

barrier(s)
3. Multibarrier
4. Ionizing radiation shielding could be part of design
5. Capable of containing filler materials as buffers and/or barriers
6. May take advantage of backfill performance.

This concept is partially similar to Option 1. One or perhaps two of the barriers could
be of a ceramic or a composite material, and these barriers could be combined with
metallic barriers. This concept includes both drift and borehole emplacement modes.
The borehole-emplaced WP would be similar in size to Option 3. The degree of
ionizing radiation mitigation which could be provided by the nonmetallic materials has
not been determined. Depending on the characteristics of the ceramic or composite
material, the shielding qualities would vary. Ceramics and composites generally
depend on additives to provide the required ionizing and neutron radiation shielding
qualities.

E. Option 5. Multi-Purpose Canister with Disposal Container

The basic characteristics of a MPC Disposal Container are:

1. Drift emplaced
2. Metallic, and perhaps ceramic barriers
3. Multibarrier
4. Could be designed to minimize ionizing radiation from the spent nuclear fuel
5. Filler materials may be used as buffers
6. May take advantage of drift backfill performance.

The MPC concept is a large SNF canister containing a minimum of 21 PWR or 40
BWR fuel assemblies and an intermediate sized version containing 12 PWR or 24
BWR fuel assemblies loaded and sealed at the reactor site or at a storage facility.

The sealed canistered waste would be placed into the disposal container at the
repository for final disposal. Figure 6.2-4 shows the MPCs as they would be received
at the repository, before installation into the disposal container.
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MPCs are relatively thin-walled sealed canisters designed to provide a clean outer
surface for handling of canistered multiple SNF assemblies. From the perspective of
the repository, the point at which the MPCs are loaded is not as important as how the
basket is designed and fabricated. The MPC basket must function for storage,
transportation, and disposal at the repository. The sealed MPC containing the basket
must provide neutron criticality control in accordance with 10 CFR 20, 10 CFR 60, 10
CFR 71, and 10 CFR 72. The MPC would be overpacked with a disposal container at
the repository surface facilities. Depending on the size and contents of the as-received
MPC, the dose rate at the surface of the overpacked MPC would vary. The MPC
shell is anticipated to provide negligible contribution to shielding. Filler materials
inside of the MPC may be part of the MPC design; however, filler would be added
only at the repository, requiring that the MPC be opened to add filler and then
resealed.

F. Option 6. Universal Cask (Multi-Purpose Unit)

The basic characteristics of a Universal Cask or Waste Package are:

1. Drift emplaced
2. Metallic
3. May be multibarrier
4. Could be designed to minimize ionizing radiation from the spent nuclear fuel
5. Filler materials as buffers and/or barriers could be used
6. May take advantage of drift backfill performance.

The Universal Cask-Waste Package provides a single unit that can be used for on-site
storage by the utilities, for transportation to and storage at a MRS, for transportation to
the MGDS, and for final disposal of the nuclear waste, all without further handling of
the individual SNF assemblies.

The Universal Cask-Waste Package concept could be a monolithic body of a single
metal, or it could be a multi-layer structure of several materials with different
properties, as is shown on Figure 6.2-5. This concept would meet requirements found
in 10 CFR 20, 10 CFR 60, 10 CFR 71, and 10 CFR 72. In addition, shielding of
ionizing and neutron radiation by the WP materials would need to be evaluated and
tested after any long-term storage and before transportation. For long-term storage,
hydrogenous neutron shielding materials may not be acceptable; therefore, other
methods of shielding would need to be provided. The cask design and choice of
materials requires a careful review of potential material properties, material
availability, SNF capacity, and cost. Of all of the concepts, the Universal Cask-Waste
Package would dispose of the least amount of waste per unit of waste package mass.

The Universal Cask Waste Package would likely have a double closure head to
accommodate the different storage, transportation, and disposal sealing requirements.
The Universal Cask-Waste Package would be drift-emplaced, due to its size and mass.
Initial estimates have sized this concept at 120 tons, 1.5 meters in diameter and about

BOOOOOOOO-01717-5705-00015 Rev. 00 6.14 08t29/94



Conceptual Illustration of a Universal Cask with Its Welded Closure
Ready for Emplacement In the Repository

Figure 6.2-5. Multi-Purpose Unit (Universal Cask)
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5 meters long. It is not clear how many utilities can handle the size and mass of a
universal cask. The universal cask concept would require the utilities to accept
repository requirements.

Similar to all drift-emplaced concepts, the backfill material can be tailored to support
long term performance.

G. Option 7. SCP-CDR (Single Container)

The SCP-CDR container design concept features are:

1. Borehole emplaced
2. Metallic barrier
3. Single barrier
4. No ionizing radiation shielding
5. Capable of containing filler materials as buffers
6. Would not take advantage of backfill performance.

The Site Characterization Plan Conceptual Design Report (SCP-CDR) reference design
of this WP is described in the YMP document (YMP 1991b). As is shown on Figure
6.2-6, the SCP-CDR design makes use of a thin-walled, vertical borehole-emplaced
WP with an air gap between the package and the rock wall. The container can accom-
modate three PWR fuel assemblies or six BWR fuel assemblies. Alternatively, the
SCP-CDR container can contain six consolidated PWR SNF assemblies or eighteen
consolidated BWR spent nuclear fuel assemblies. A later slightly larger design
accommodated a mix of three PWR and four BWR fuel assemblies. Each WP would
be filled with inert gas, assumed to be argon. The nominal wall of the container is 10
mm of 304L stainless steel.

The SCP-CDR container provides no consequential ionizing radiation shielding; the
transporter and handling equipment must provide the shielding needs. Total ionizing
radiation shielding would be provided by the surrounding rock once the package is
emplaced in the borehole. The borehole closure plug would need to be designed to
provide substantial shielding qualities after emplacement to allow direct access to the
drifts. Use of additional filler materials is possible.
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6.2.2.1 Defense High Level Waste Glass Container

To accommodate the DHLW glass canisters from Savannah River, Hanford, and West Valley,
waste disposal options for these types of containers will be evaluated. The designs will vary
depending on the method of emplacement; in-drift or borehole. Figures 6.2-7, 6.2-8 and 6.2-9
show different types of DHLW canister disposal containers. The disposal containers would
hold one, three, or four DHLW glass pour canisters. Another design being considered is a
single large pour canister that will fit within a 1.5 meter outer diameter WP, similar to Figure
6.2-1, except that the SNF basket would be replaced by the high level waste glass.

For borehole emplacement, a single pour canister would be placed within a disposal container,
similar to that shown on Figure 6.2-9. If the WPs are emplaced in a drift, the pour canisters
can be consolidated as shown on Figures 6.2-7 and 6.2-8. The thermal output of the pour
canisters will only be 200 to 800 W. The ionizing radiation dose will be high and personnel
shielding will be required for operations.

6.2.2.2 Nonstandard Waste Package

The SNF and other high level waste that do not fall within the above categories will be
classified as nonstandard. Nonstandard waste will be packaged to meet all of the same
licensing requirements as standard SNF and high level waste glass. If possible, nonstandard
waste will be packaged in standard waste packages. If this is not possible, nonstandard waste
package designs will be developed to accommodate the waste stream. During ACD and Title
I, specifics of the nonstandard waste streamn(s) will be investigated and performance
evaluation of various designs will be initiated to support the unique features of the
nonstandard waste.

6.2.3 ACD Waste Package Design Concepts

As previously noted, emphasis over the past two years has been placed on the MPC. Early in
calendar year 1994, the Secretary of Energy announced that the DOE would pursue the
implementation of large (21 to 24 PWR) and intermediate (12 PWR) sized MPCs. With the
implementation of the MPC as the prime SNF waste canister, a review of the WP options was
needed.
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The MPC Conceptual Design Report (M&O 1993g) noted that:

1. The large majority of the reactor sites can accommodate one or the other of the two
primary sizes of MPCs.

2. There will be a number of reactor sites that will not be capable of utilizing the MPCs
and will continue to ship SNF in casks as uncanistered fuel.

3. No radionuclide containment credit will be taken for the MPC's outer shell.

4. The MPC will be designed to meet Titles 10 CFR 71 and 10 CFR 72, Transportation
and Storage respectively, and be as compatible with Title 10 CFR 60 as possible.

The combination of the MPC implementation decision and the YMSCO wish to narrow the
focus to relatively few design concepts as early as practical has resulted in reducing the WP
design selection to the following three basic Waste Package Concepts:

1. MPC with Disposal Container (Waste Package)
2. Uncanistered Spent Nuclear Fuel Waste Package
3. DHLW Package.

The borehole design, universal cask, and SCP-CDR options have been removed from further
consideration. The remaining four concepts have been consolidated into the three ACD waste
package concepts noted above.

6.2.3.1 General Features of the ACD Waste Package Design Concepts

All three of the WP design concepts are based on the multibarrier disposal container concept,
responding to the defense-in-depth approach which is endorsed by the U.S. Nuclear
Regulatory Commission (NRC). The WP concepts focus on long term performance of the
barriers for substantially complete containment and controlled release of radionuclides.

Design features include disposal container barrier materials, protection against microbiologi-
cally influenced corrosion and radiation induced corrosion, and SNF basket materials and
neutron absorber alloys with proven long term performance. Because the WP designs do not
provide total shielding, handling thus relies upon reusable shielding and remote handling.
The uncanistered fuel WP design concepts reflect that credit will be taken for the reduced
criticality potential of the spent nuclear fuel, i.e., burnup credit. The following descriptions of
the WP designs represent the results of two years of conceptual design evolution; however,
design details are expected to be further refined and will change in the future.

Isometric sketches of several of the WP designs thus far developed are shown here to aid in
description of the various WP configurations; namely, MPC Disposal Container, Uncanistered
Fuel Waste Package, and DHLW Waste Package, as shown on Figures 6.2-10, 6.2-11, and
6.2-7, respectively. A total of three WP design concepts have been developed thus far in
ACD. This has resulted in a total of six design layouts thus far when considering WPs for
PWRs and BWRs and WPs of different sizes. WP design details and the subjects of WP
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fabrication, closure, and inspection are discussed in more detail in Section 6.11. The six
design layouts are:

1. 12 PWR/24 BWR MPC Disposal Container
2. 21 PWR/40 BWR MPC Disposal Container
3. 12 PWR UCF Waste Package with Interlocking Basket Design
4. 24 BWR UCF Waste Package with Interlocking Basket Design
5. 12 PWR UCF Waste Package with Tube Basket Design
6. 24 BWR UCF Waste Package with Tube Basket Design.

The MPC disposal container and the disposal container portions of the UCF and DHLW WP
designs are the same except for container dimensions. Each container has two barriers; the
outer barrier consisting of a long-term performance material such as a 100 mm thick A 516
carbon steel corrosion allowance material, over an inner barrier consisting of a corrosion
resistant material such as 20 mm thick Alloy 825. The MPC concept is based on multibarrier
defense-in-depth; each material will provide a backup if the other is breached.

The same handling configuration is used for all WPs, including MPC Disposal Container,
Uncanistered Fuel Waste Package, and DHLW Waste Package, as shown on Figures 6.2-10
and 6.2-11 (although not shown on Figure 6.2-7, the same feature would be used for DHLW).
An extension of the WP outer barrier on each end as a "skirt" results in the ends of the
containment barrier being recessed. There are three holes equally spaced around each skirt in
this design, which may be engaged in various ways. This configuration provides for handling
the WPs when empty and after filling and closure. Alternative WP handling configurations
will be investigated in the future.

6.2.3.2 MPC Disposal Container Concept

The MPC Disposal Container concept is shown on Figure 6.2-10 for the 12 PWR/24 BWR
MPC designs, only differing in size from the 21 PWR/40 BWR MPC designs. Upon arrival
at the repository, the MPC will be removed from the transportation cask and placed within
the two-barrier disposal container. Design of the disposal containers are based on the current
MPC Conceptual Design (1993g), since each MPC disposal container design must be
specifically tailored to accommodate the various MPCs that the industry will produce.

The MPC designs are sized to contain the largest possible number of SNF assemblies, subject
to several constraints. The more dominant constraints include: reactor facility crane load
handling limitations, repository thermal loading design constraints, SNF cladding thermal
limitations after emplacement in the repository, and criticality concerns including burnup
credit. The preliminary designs have resulted in intermediate and large MPC design
configurations, corresponding primarily to reactor facility crane limitations. Existing crane
limitations are nominally 75 ton and 125 ton; the crane hook weight includes the loaded and
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flooded MPC, transportation cask weight less impact limiters, and lifting yoke. The
intermediate MPC design can accommodate 12 PWR spent nuclear fuel assemblies or 24
BWR spent nuclear fuel assemblies. The large MPC design can accommodate 21 or more
PWR spent nuclear fuel assemblies or 40 or more BWR SNF assemblies.

The sealed MPC will be placed into the disposal container, remaining sealed unless it is
determined to be necessary to add filler material, in which case the MPC would be cut open,
filler added, and then resealed (note that use of filler material is a design option, and is not
included in the nominal design). The MPC conceptual design lifting feature consists of six
threaded blind holes in the outer lid; this feature is adequate to lift the complete MPC
(including filler material). This same feature would be used to lift the MPC top end should
the top be cut off for addition of filler material.

6.2.3.3 Uncanistered Fuel Waste Package Concept

As stated previously, the Uncanistered Fuel Waste Package designs incorporate similar
disposal container (outer plus inner barrier) designs as for the MPC disposal container. The
uncanistered fuel (UCF) WP basket is designed to only meet Title 10 CFR 60 requirements,
whereas the MPC basket design must meet Title 10 CFR 71 and 10 CFR 72 requirements and
be as compatible with Title 10 CFR 60 as possible. The UCF basket cost is therefore
anticipated to be lower than the cost of the MPC basket.

The UCF basket is made of stainless steel alloyed with natural boron. Recently, ASME has
approved Code Case N-5 10 for materials conforming to ASTM A 887-89, which covers
several grades of 304 stainless-boron alloys (Types 304B4, 304B5, and 304B6, Grade A).
The Grade A material is manufactured by powder metallurgy techniques, and it is presumed
that this technique would be equally applicable to 316L stainless steel. The 316L is the
preferred composition to provide for long-term corrosion resistance, which is essential to
maintaining the spatial distribution of the criticality control material within the WP for the
disposal periods being considered.

Analyses of PWR WPs based on properties of 304B6A alloy (containing 1.50-1.74 percent by
weight natural boron), indicate that 10 mm material thickness between adjacent PWR SNF is
adequate for long-term criticality control. The boron loading includes additional boron to
allow for depletion over time. The essential factor for criticality control is the total quantity
of boron present; for example, 20 mm thickness of 304B3A alloy (0.75-0.99 percent boron)
would have approximately equivalent effectiveness of 10 mm of 304B6A alloy.

Providing criticality control for BWR fuel assemblies will in general be similar or less taxing
than for PWR fuel assemblies. Therefore, the total amount of boron within a PWR WP
would be sufficient to provide criticality control for a BWR WP of equivalent size.
Comparing basket designs for the equivalent 12 PWR and the 24 BWR WPs, either the
stainless-boron alloy thickness or the percent boron loading could be reduced by 25-30
percent to result in equivalent total boron loading. When BWR analyses are performed, it
may be found that an even larger reduction is possible. Reducing the amount of criticality
control material to the extent possible is important, as the high cost of the material tends to
result in the cost of the basket being a major fraction of total UCF WP cost.
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Aluminum-boron alloys and copper-boron alloys have been considered, but these alloys would
not provide adequate long-term performance in acidic solutions (such solutions could possibly
occur in the repository environment following breach of the containment barriers). All basket
materials must have adequate corrosion resistance necessary to ensure that spatial distribution
of the criticality control material is adequately maintained for the period required.

Two UCF WP basket design configurations have been evolved, one formed of interlocking
slotted plates assembled in an "egg crate" fashion, and the other formed from square tubes
bundled together. The basket must perform three functions: criticality control, serve as a
heat conduction path from the interior of the WP to the shell (inner barrier), and structural
support. The basket designs employ stainless steel-boron alloys for criticality control and
structural support, plus aluminum plates to enhance heat conduction.

6.2.3.3.1 SNF Waste Package Design with Interlocking Basket

The conceptual design of the interlocking basket is similar to that of an egg crate, assembled
from a series of slotted plates so as form the necessary basket shape. The basket assembly is
divided axially into four criticality control material "lifts," as shown on Figure 6.2-11 and
6.2-12 for a 12 PWR design. Under the assumption that additional basket structural support
will be needed, those lifts are axially separated by short structural lifts fabricated from 316L
stainless steel.

Composition of the "basket members" which comprise the criticality control lifts is as
follows: the centermost basket member(s) are each an assembly of 10 mm 316B6A alloy
plate plus 10 mm aluminum plate, mechanically sandwiched together. The aluminum plate
provides an enhanced heat transfer path to the WP shell. The outermost basket members are
made of 20 mm 316L stainless steel, since stainless steel-boron alloy is not needed in these
members. The intermediate basket members are of 20 mm 316B3A alloy. Presently, all
basket members are 20 mm thick, a value which is yet to be confirmed by structural analysis.
Further information and detailed drawings of the interlocking basket may be found in Section
6.11 and Appendix B.

Various angle-iron guides and other structural forms are installed within the interior of the
WP to provide basket structural support and to guide installation of the basket, made of the
same material as the inner barrier, Alloy 825. The permissibility of changing the structural
support material to lower-cost 316L stainless steel will be determined in the future.

6.2.3.3.2 SNF Waste Package Design with Tube Basket

The tube basket conceptual design is based on bundling together a number of identical full-
length square tubes so as form the necessary basket shape, as shown on Figure 6.2-13 for a
12 PWR design. PWR basket tubes would be formed by bending 5 mm thick 316B6A alloy
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sheet into a square shape, approximately 4.6 m long. A longitudinal electron beam weld, or
possibly a mechanical crimp of the two seam edges, could be used to close the tube longitudi-
nal seam. BWR basket tubes are presently designed as 5 mm thick 316B4A alloy; however,
future structural, thermal, and criticality control analyses may be expected to allow reduction
to approximately 3.5 mm thick, using 316B6A alloy.

Use of several interlocking aluminum plates is also introduced into the tube basket conceptual
design, to provide an enhancement of heat transfer paths to the WP shell. The plates separate
the tubes into clustered assemblies. Various angle-iron guides and other structural forms are
installed within the interior of the WP to provide basket structural support and to guide
installation of the basket, made of the same material as the inner barrier, Alloy 825. The
permissibility of changing the structural support material to lower-cost 316L stainless steel
will be determined in the future.

6.2.3.4 Defense High Level Waste Glass Waste Package

The ACD DHLW Glass Waste Package is shown on Figures 6.2-7 and 6.2-8, and was
previously discussed in Section 6.2.2. The WPs can hold either four or three of the standard
high level waste glass canisters, depending on the particular design, corresponding generally
to the sizes of the large and intermediate MPC disposal containers, although only about two-
thirds the length.

6.2.4 Conclusion

During the past two years, the results of ACD studies and program management decisions
have influenced the Advanced Conceptual Design Waste Package concepts. The implementa-
tion of the large and intermediate MPC and the focusing of the WP design effort only on the
most promising designs have been major factors guiding conceptual design evolution. From
the initial seven design options, three concepts have been selected as the most promising
designs that will meet Title 10 CFR 60 and will be compatible with the OCRWM system.

The WP designs are based on the radionuclide containment and controlled release criteria of
Title 10 CFR 60. Materials and fabrication methods that are capable of long-term
performance must be utilized. The prevention of criticality through the disposal "isolation"
phase requires taking credit for the reduced criticality potential of the SNF (burnup credit)
and may also require neutron absorber materials in stable carriers such as a stabilized stainless
steel or other high performance materials.

As the design and scientific programs continue over the next year, the ACD design concepts
will be further refined. During the License Application Design (LAD) phase, the designs will
be completed, tested, and submitted for licensing.
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6.3 DESIGN BASIS SPENT NUCLEAR FUEL

6.3.1 Background

The designs of the waste package and MPC must be sufficiently conservative to ensure that
when loaded with SNF selected from the expected range of age, burnup, and enrichment, they
will meet regulatory requirements for the following criteria:

* External radiation, which is proportional to burnup and controlled by shielding

* Fuel temperature, which increases with burnup and is controlled by package capacity

* Neutron multiplication factor, or criticality (ks), which is proportional to initial
enrichment and inversely proportional to burnup, and controlled by one or more of the
following: package capacity, distance between assemblies for a given capacity,
insertion of inert neutron absorbers.

Since accommodating each of these control measures separately increases the cost and
complexity of the waste package, it is desirable to design only to the most stressing parameter
values (age, burnup, and enrichment) likely to be encountered when filling with expected
SNF. These most stressing parameter values are used to characterize the design basis fuel.
The relevant regulatory requirements can be most efficiently satisfied by designing shielding,
package size, and neutron absorber materials to accommodate this design basis fuel. Those
relatively few assemblies having more stressing parameter values may be handled by derating
the standard package and/or by utilizing a more conservative (and, consequently more
expensive) waste package.

Having stated the problem in general terms, it remains to specify the stressing parameters,
particularly whether they should be direct fuel characteristics, such as age or burnup, or
whether they should be derived performance parameters, such as heat output or ko,. It also
remains to specify how to translate the vague concept "parameter values likely to be
encountered" into specific percentile levels of the SNF population likely to be received at the
repository.

At this stage of the design process we cannot be certain of the SNF waste stream to be
received at the repository or of the percentile level to be designed for. Consequently, this
analysis will present four alternative inventories (or waste acceptance scenarios) representing
an evolution of the design basis fuel estimation process, and leading to a recommendation
which appears most appropriate at the present stage of the ACD process. These alternatives
are described in Sections 6.3.2.1 and 6.3.2.2.

6.3.2 Analysis Methodology

6.3.2.1 Characteristics from SNF Inventory

Two inventories have been used for this analysis:
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* The Energy Information Administration (EIA) forecast database of all 86,000 MTU
(metric ton uranium equivalent) already discharged, or expected to be discharged from
currently operating reactors.

* The subset of the EIA forecast for those discharges expected before 2003 (which will
be the fuel available for pickup before 2010). This subset has been designated as most
representative of the first phase of waste acceptance which will be in the form of
MPCs; it has been used as source for the MPC design basis fuel as described below.

The distribution of burnups and initial enrichments for the PWR assemblies in this inventory
and in the subset are shown in Figures 6.3.2-1 and 6.3.2-2, respectively. These figures are
similar to scatter plots, except that each individual square represents a number of assemblies
according to the shade of the square, with darkest being highest, according to the legend given
in each figure.

In these two figures the statistics on burnup can be summarized by the dashed horizontal
lines. The length of each line indicates the range containing 95 percent of the enrichments for
that burnup. According to these statistics, 95 percent of all the fuel will have age-burnup
pairs falling within the band defined by the end points of these horizontal lines of constant
burnup. The percent numbers attached to each horizontal line indicate the percent of fuel
having higher burnup (independent of enrichment).

The important SNF characteristic not shown in these figures is age (time since discharge from
the reactor). Its representation would require a third dimension; the representation shown in
the figures has a range of ages collapsed into each box (enrichment-burnup bin). The ages of
the assemblies actually arriving at the repository can only be determined after some
assumption concerning the 63,000 MTU out of the 86,000 total which will actually be
selected and the order in which the selection will occur. These forecasts are made in
conjunction with the two typical scenarios described in the following section.

6.3.2.2 Characteristics from Waste Stream Scenarios

The range of likely waste receipt scenarios is represented by the oldest-fuel-first (OFF) and
the youngest-fuel-first-10-years-or-older (YFF10). Both these scenarios assume OFF
allocation rights, with the only interim storage in MPCs at the reactor, and with shipment
directly to the repository starting in 2010.

The OFF selection/acceptance scenario assumes that each reactor will fill its annual allocation
with the oldest fuel in its inventory. This will be the most cost effective in terms of the
overall CRWMS cost, since it will require the least shielding during transportation, will entail
the least worker exposure, and will require the least cooling of the repository after
emplacement. It could, however, entail a slight additional expense for those reactors which
would need to unload younger fuel from their pools into dry storage at the same time as they
ship older fuel from their dry storage to the repository. However, this could be avoided by
having the reactors unload younger fuel to onsite dry storage, so that when their shipping
allocation occurs, they will always have their oldest fuel still in the pool.
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The YFF 10 scenario represents the very conservative assumption that the reactors will want to
ship their hottest fuel. (They could legally ship fuel as young as 5 years, but the increased
worker exposure which it would entail makes this very unlikely.) Shipping younger (hotter)
fuel is of some advantage to the utility because it lowers the in-pool cooling cost.

6.3.2.3 Representation by Percentiles

Percentiles can be used in the specification of waste package design points in two ways:

I. It could be required that the container be able to accommodate at least some
percentage of the fuel (e.g., 90 percent, which means that 10 percent of the fuel would
likely be too stressing for this container with respect to either the thermnal or criticality
requirements). This is the process of determining a design basis fuel so that the cask
so designed will handle the stated percentage of the expected fuel. This is the
approach used for the characteristics-based analysis in Section 6.3.3.

2. It could be required that the container be able to satisfy regulatory requirements when
loaded with fuel giving some specified heat output and having some specified kt,.. The
tabulated statistics can then be used to translate these performance levels into coverage
percentiles. This is the process of determining the coverage of expected fuel for a
particular design. This is the approach used for the performance based analysis in
Section 6.3.4.

6.3.2.4 Determination of Performance Parameters: Heat Rate, Criticality (kg)

The thermal performance of the repository is determined by the total thermal energy released
by the SNF after emplacement, and the distribution of that energy release with time.
However, the most stringent regulatory requirements are with respect to peak temperatures,
which are strongly determined by heat rate at emplacement. This was computed by a
subroutine which interpolated in the CDB table as a function of burnup and age. Since heat
is relatively insensitive to initial enrichment, and since most of the fuel characteristics in the
database are only forecasts, there was no interpolation with respect to enrichment; instead the
average enrichment (out of the EIA database) was assumed for each burnup.

The statistics on criticality cannot be characterized by a single parameter, since criticality is a
function of age, burnup, and initial enrichment. The situation is further complicated by the
fact that burnup and initial enrichment are strongly correlated for most of the fuel. To
determine parameters for criticality, a formula developed by Cerne, Hermann, and Westfall
(ORNL/CSD/TM-244) has been used. This formula gives k. as a function of age, burnup,
and initial enrichment, based upon a curve fit to a set of 210 SCALE runs which actually
computed k. for a representative range of values for age (5), burnup (7), and initial
enrichment (6) (where the numbers in parentheses indicate the number of different
cases/values for each parameter). The formula developed by Cerne et al., has a constant term,
the three possible linear terms, the three square terms, the three quadratic product terms, and
an additional cubic term having the product of all three variables. Of course, it is recognized
that any criticality analysis must consider the specific geometry of the fuel assembly and its
environment, as represented by keff. However, it is assumed that the burnup-enrichment pairs
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which make up the lines of constant k. corresponding to a specified percentile of all k,
values, will be the same burnup-enrichment pairs which would make up a constant kff line if
the detailed, geometry-dependent values were calculated for all the batch points in the
database. (For these purposes "all" refers either to the 86,000 MTU in Figure 6.3.2-1, or to
that fraction discharged before 2003 in Figure 6.3.2-2.)

For the inventory cases, (1) 86,000 MTU and (2) discharges before 2003, an age of 5 years
was assumed for the k, calculations, for the following reasons:

* k. is relatively insensitive to age

* The 210 SCALE runs only covered ages 2-20 years

* 5 years is the youngest age at which the fuel can be removed from the pool, so this is
the most conservative estimate.

The results of this statistical tabulation together with the burnup statistics described above, are
summarized in Figures 6.3.2-1 and 6.3.2-2. Each solid diagonal line represents a set of
constant k. values for the indicated range of enrichment-burnup pairs. The percent numbers
attached to the lines in each figure indicate the percent of that inventory which will have a
higher value of k1 (more stressing on the design).

An age of 10 years is used for OFF & YFFIO because:

* It is close to the actual values for those scenarios, while still being conservative (low)

* Actual ages could not be followed with the formula, since it does not apply above 20
years.

6.3.3 Characteristics-Based Design Basis Fuel

The analyses of this section are based on using burnup as a surrogate for thermal performance
(hence the designation characteristics-based). This permits the determination of percentiles
without any assumptions concerning age. This is simpler, and more robust, than the scenario
based analyses in Section 6.3.4.

6.3.3.1 Single Point Design Basis SNF

A design basis fuel can be determined from the two sets of lines (constant burnup or constant
criticality) in Figure 6.3.2-1 for the full 86,000 MTU inventory, and in Figure 6.3.2-2 for the
pre-2003 subset. For any given burnup percentile line, that percent of the fuel is forecast by
EIA to have a greater burnup. For each diagonal k. line, that percent of the fuel will have
values of burnup and enrichment which would give a higher value for ky,,. Hence the more
stressing points (each point representing a batch of SNF in the EIA database) for k0, would lie
below and to the right of the diagonal line, and the more stressing points for shielding and
thermal evaluations would lie above the horizontal constant burnup line. Conversely, the less

BOOOOOOOO-01717-5705-00015 Rev. 00 6-36 08129/94



stressing points would fall in the common triangular area below the constant burnup line and
above and to the left of the constant k2 , line.

From examination of Figure 6.3.2-1 (most applicable to the waste package), it can be seen
that the 25 percent lines for burnup and kg, intersect at the point burnup = 49 gigawatt
day/metric ton of uranium (GWd/MTU), and enrichment = 5.05 percent. This means that 75
percent of the fuel will fall in the triangular area below the 49 GWd/MTU line and above and
to the left of the k,= 1.05 line. Similarly, from Figure 6.3.2-2 (most applicable to the MPC)
there is an intersection of the 80 percent lines at the point 42.5 GWd/MTU, 4.35 percent
enrichment. (Once again, the particular value of ka, is unimportant. The only purpose of
calculating it is to obtain statistics on forecast fuel according to a parameter which will be
proportional to any ultimate criticality analysis.)

These single design points, listed in Table 6.3.3-1, represent the satisfaction of thermal and
criticality requirements simultaneously.

Table 6.3.3-1. Single Design Point Thermal/Criticality

IApplication I Burnup I Enrichment I SNF Covered

MPC 42.5 GWd/MTU 4.35% | 80%

Waste Package 49 GWd/MTU 5.05% | 75%

There are two problems with this single point definition of design basis fuel: (1) It might be
desirable to have the primary waste package design capture/represent a larger fraction of the
fuel than 75 percent or 80 percent; and (2) the single design point derived here would
represent a very unlikely fuel assembly, having too low a burnup for this enrichment. This is
apparent from the fact that both enrichment values are at the far end of their respective
burnup lines, indicating that they represent only a small fraction of the fuel.

6.3.3.2 Design Point for Shielding and Thermal Requirements

It may be useful to abandon the concept that the design basis should be expressed as a
combination of parameters likely to be found in the same assembly, and use instead one set of
parameters for shielding/thermal and another set for criticality. From Figure 6.3.2-1 (which is
most applicable to the waste package), it can be seen that a more conservative design,
covering 90 percent of all fuel, would have a burnup of 55.5 GWd/MTU. Similarly, from
Figure 6.3.2-2 (which is most applicable to the MPC), the 90th percentile for burnup for all
discharges prior to 2003 would be 45 GWd/MTU. These results can be summarized in Table
6.3.3-2. The design point enrichments are taken at the lower end of the range (horizontal
dashed lines) because neutron flux (and hence shielding requirements) increases with
decreasing enrichment, for fixed burnup.
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Table 6.3.3-2. Thermal Design Point

I Application | Burnup I Enrichment I SNF Covered

MPC | 45 GWd/MTU 3.25% 90%

Waste Package | 55.5 GWd/MTU | 3.85% | 90%

6.3.3.3 Design Point for Criticality Requirements

The design basis for criticality can be determined as follows. For either waste package or
MPC, one could pick any point on the 10 percent k1,. line, but it would be most meaningful to
pick a value of burnup such that the horizontal burnup line intersects the diagonal k. line at
the midpoint of the horizontal burnup line segment; so that the enrichment most represents the
average enrichment for that burnup. For such analysis, any horizontal burnup line segment
falling between the burnup percentiles shown in the figure would have its endpoints
determined by interpolating between the neighboring segments shown on the figure.
[Alternatively, a number of additional burnup percentile lines could be calculated from the
EIA data, but the overall present accuracy of this procedure does not warrant such extra
effort; this issue could be re-examined at the time of license application design.] The results
are shown in Table 6.3.3-3.

Table 6.3.3-3. Criticality Design Point

[ Application I Burnup I Enrichment I SNF Covered

MPC 25 GWd/MTU 2.75% 1 90%

Waste Package 22 GWd/MTU 2.40% 90% 1

6.3.3.4 Comparison with MPC Design Basis Fuel

A design basis fuel has been given in the MPC design and procurement documents. This
design point was developed primarily to emphasize the statistics of the SNF expected to be
available during the first 10 years of CRWMS waste acceptance (statistics similar to Figure
6.3.2-2). The statistics of this earlier fuel are such that 80 percent of the fuel has initial
enrichment less than 3.75 percent and burnup less than 40 GWd/MTU. There was no k1,
analysis for this determination because the original MPC design was not to take burnup credit,
so that criticality would be solely determined by initial enrichment. For those designs which
would attempt burnup credit, a lower burnup than 40 GWd/MTU would be more stressing and
more appropriate. Therefore, to be consistent with the analysis given here, it was agreed to
use the value of 37 GWd/MTU, which corresponds to the 20 percent k. line atan initial
enrichment of 3.75 percent (as the reader can verify from Figure 6.3.2-2). It should be noted
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that the MPC design now has a burnup credit alternative, which uses the same design basis
fuel, thereby achieving a higher capacity than the original non-burnup credit design.

6.3.4 Scenario Based Analysis: OFF, YFF10

The adoption of a scenario permits the analysis in terms of actual age of each assembly, but
means a graphical display of fuel characteristics, such as in Figures 6.3.2-1 and 6.3.2-2, is no
longer feasible. Instead, the heat and criticality statistics are tabulated separately, and the
design basis percentile points are selected from these tables.

The assembly masses were accumulated in bins of heat in increments of 100 watts/MTU with
values ranging from 0 to 3700 watts/MTU, and separately in bins of k, in units of 0.01, with
values ranging from 0.90 to 1.37. The masses accumulated in each bin were then
accumulated from the high end to give a count of MTU expected to exceed some specified
value of the stressing parameter (either heat or criticality). The results are shown in Tables
6.3.4-1 through 6.3.4-6. Tables 6.3.4-1 through 6.3.4-4 present the cumulated heat
distributions for OFF and YFFlO for both PWR and BWR fuel. Tables 6.3.4-5 and 6.3.4-6
present the cumulated k. distributions for PWR only, for OFF and YFF 10 selection strategies,
respectively.

OFF thermal: The MTU of PWR fuel having heat greater than or equal to 1900 watts/MTU
(855 watts/assembly for PWR) is read from Table 6.3.4-1 as 4369. To this must be added the
MTU of BWR fuel having heat greater than 2360 watts/MTU (determined by multiplying the
PWR 1900 by 1.24 the ratio of fuel mass in the PWR canister to that in the BWR canister,
assuming a 21/40 canister and MTU/assembly of 0.45 and 0.19, respectively). This is found
to be 280 MTU, by interpolating in Table 6.3.4-3. Hence there will be a total of 4649 MTU
producing a greater heat load than 855 watts/assembly in the standard package (21 PWR or 40
BWR). This is 7.4 percent of the total 63,000 MTU of SNF to be emplaced in the first
repository, which means that a container designed to withstand 1900 watts/MTU (or 855
watts/PWR assembly) can satisfy the thermal requirements of 92 percent of the fuel expected
to be received under the OFF scenario. This does not mean that it can handle 92 percent of
the fuel; further fuel exclusion must occur to satisfy the criticality requirements, as described
below.

OFF criticality: With a performance level of k. = 1.13 chosen as the design capability, Table
6.3.4-5 shows there to be 869 MTU PWR at least that stressing. It is generally assumed that
the BWR fuel has a much lower criticality potential so this analysis will assume that no BWR
fuel will be as stressing as this design point. Therefore, the 869 MTU PWR fuel can be taken
to represent 869/63000=0.014 of the total fuel. That is, a container designed for this kX, will
accommodate 98.6 percent of the fuel with respect to criticality.
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Table 6.3.4-1. Cumulated Distribution of PWR Heats
OFF; Scenario A; 0.45 MTU/Assy.

Assuming:

Watts/MTU MTU Watts/Assy Cum MTU

4500 0.0 2025 0.0

4400 2.3 1980 2.3

4300 0.0 1935 2.3

4200 0.0 1890 2.3

4100 0.0 1845 2.3

4000 0.0 1800 2.3

3900 0.0 1755 2.3

3800 0.0 1710 2.3

3700 38.7 1665 41.0

3600 0.3 1620 41.4

3500 0.9 1575 42.3

3400 0.0 1530 42.3

3300 114.9 1485 157.1

3200 0.0 1440 157.1

3100 0.0 1395 157.1

3000 149.6 1350 306.7

2900 31.7 1305 338.4

2800 0.0 1260 338.4

2700 165.1 1215 503.6

2600 48.3 1170 551.9

2500 286.6 1125 838.5

2400 309.6 1080 1148.1

2300 383.4 1035 1531.5

2200 379.4 990 1910.9

2100 835.2 945 2746.1

2000 945.5 900 3691.6

1900 677.4 855 4369.0

1800 685.1 810 5054.1
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Table 6.3.4-1. Cumulated Distribution of PWR Heats Assuming:

OFF; Scenario A; 0.45 MTU/Assy. (Continued) Ioo

Watts/MTU MTU Watts/Assy Cum MTU

1700 2365.2 765 7419.3

1600 1862.5 720 9281.8

1500 2107.9 675 11389.6

1400 2726.4 630 14116.0

1300 5126.2 585 19242.2

1200 2600.5 540 21842.7

1100 601.6 495 22444.3

1000 3145.3 450 25589.6

900 4621.1 405 30210.7

800 1454.6 360 31665.3

700 3319.4 315 34984.7

600 1360.6 270 36345.3

500 2437.4 225 38782.7

400 825.1 180 39607.8

300 1375.9 135 40983.7

200 17.4 90 41001.0

100 80.4 45 41081.4

0 10.1 0 41091.6

BOOOOOOOO-01717-5705-00015 Rev. 006-10//9 6 41 08129/94



Table 6.3.4-2. Cumulated Distribution of PWR Heats Assuming:
YFF1O; Scenario A; 0.45 MTU/Assy.

| Watts/MTU MTL Watts/Assy Cum MTU

3500 0.0 1575 0.0

3400 0.0 1530 0.0

3300 4.1 1485 4.1

3200 0.0 1440 4.1

3100 0.0 1395 4.1

3000 1.8 1350 5.9

2900 0.0 1305 5.9

2800 0.0 1260 5.9

2700 42.4 1215 48.3

2600 84.8 1170 133.0

2500 288.6 1125 421.7

2400 6916.6 1080 7338.2

2300 1095.6 1035 8433.8

2200 623.1 990 9056.8

2100 518.7 945 9575.6

2000 956.8 900 10532.4

1900 5208.6 855 15741.1

1800 1295.7 810 17036.7

1700 1356.4 765 18393.1

1600 990.0 720 19383.1

1500 1511.9 675 20895.0

1400 2575.1 630 23470.1

1300 2005.1 585 25475.3

1200 1894.4 540 27369.7

1100 2030.4 495 29400.1

1000 1981.7 450 31381.7

900 2049.1 405 33430.8

BOOOOOOOO-01717-5705-00015 Rev. 00 642 08/29/94



Table 6.3.4-2. Cumulated Distribution of PWR Heats Assuming:
YFF10; Scenario A; 0.45 MTU/Assy. (Continued)

WattsIMTU MTU Watts/Assy Cum MTU

800 1509.0 360 34939.9

700 2718.4 315 37658.3

600 1360.4 270 39018.7

500 556.9 225 39575.5

400 957.9 180 40533.4

300 479.6 135 41013.0

200 36.2 90 41049.2

100 68.0 45 41117.3

0 4.4 0 41121.7

Table 6.3.4-3. Cumulated Distribution of BWR Heats Assuming:
OFF; Scenario A; 0.19 MTU/Assy.

l Watts/MTU MTU | Watts/Assy Cum MTU

3000 18.9 570 18.9

2900 0.0 551 18.9

2800 0.0 532 18.9

2700 33.4 513 52.2

2600 20.2 494 72.4

2500 104.1 475 176.5

2400 24.4 456 201.0

2300 197.5 437 398.4

2200 46.3 418 444.7

2100 232.6 399 677.3

2000 527.0 380 1204.3

1900 206.3 361 1410.6

1800 438.7 342 1849.3
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Table 6.3.4-3.
OFF;

Cumulated Distribution of BWR Heats Assuming:
Scenario A; 0.19 MTU/Assy. (Continued)

WattsfMTU MTU Watts/Assy | Cum MTU

1700 667.0 323 2516.3

1600 961.8 304 3478.1

1500 1097.5 285 4575.5

1400 2080.0 266 6655.6

1300 1474.9 247 8130.5

1200 3682.7 228 11813.2

1100 1249.4 209 13062.7

1000 165.6 190 13228.3

900 278.4 171 13506.7

800 75.4 152 13582.1

700 1072.6 133 14654.7

600 2190.1 114 16844.8

500 1506.5 95 18351.3

400 1830.6 76 20181.8

300 567.0 57 20748.9

200 609.9 38 21358.8

100 158.3 19 21517.1

0 385.9 0 21903.0
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Table 6.3.4-4. Cumulated Distribution of BWR Heat Assuming:
YFF1O; Scenario A; 0.19 MTU/Assy.

Watts/MTU MTU | Watts/Assy [ CumMTU l

2300 10.3 437 10.3

2200 7.0 418 17.3

2100 88.5 399 105.8

2000 2832.9 380 2938.7

1900 163.0 361 3101.6

1800 575.1 342 3676.8

1700 5205.4 323 8882.2

1600 1017.6 304 9899.8

1500 861.0 285 10760.8

1400 908.3 266 11669.1

1300 1059.8 247 12728.9

1200 1189.1 228 13918.0

1100 685.9 209 14603.9

1000 946.8 190 15550.8

900 571.0 171 16121.8

800 237.5 152 16359.3

700 696.5 133 17055.8

600 729.7 114 17785.4

500 2226.5 95 20011.9

400 576.2 76 20588.1

300 647.7 57 21235.8

200 364.2 38 21600.0

100 77.0 19 21677.0

0 197.7 0 21874.8
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Table 6.3.4-5. Cumulated Distribution of PWR k. Assuming: OFF; Scenario A

l k. | Cum MTU _ _ _Cum MTU

1.370 0.0 1.140 736.5

1.360 0.0 1.130 868.9

1.350 7.2 1.120 1039.1

1.340 12.7 1.110 1222.9

1.330 12.9 1.100 1476.6

1.320 12.9 1.090 2215.3

1.310 13.3 1.080 3244.7

1.300 13.7 1.070 4520.9

1.290 23.7 1.060 6329.9

1.280 81.9 1.050 8464.6

1.270 87.7 1.040 11722.5

1.260 97.3 1.030 16089.1

1.250 128.4 1.020 20755.1

1.240 156.1 1.010 26348.2

1.230 210.3 1.000 31749.1

1.220 239.3 0.990 36205.8

1.210 290.9 0.980 38717.4

1.200 388.7 0.970 40297.5

1.190 426.9 0.960 41923.5

1.180 485.0 0.950 41023.5

1.170 525.8 0.940 41075.4

1.160 602.8 0.930 41085.3

1.150 692.5 0.920 41087.3
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Table 6.3.4-6. Cumulated Distribution of PWR k. Assuming: YFF I0; Scenario A

l. Cum MTU k| Cum MTU

1.350 7.2 1.120 1902.0

1.340 12.7 1.110 2028.2

1.330 12.9 1.100 2212.1

1.320 12.9 1.090 2532.9

1.310 13.3 1.080 3255.5

1.300 29.9 1.070 4021.5

1.290 39.8 1.060 5239.9

1.280 98.0 1.050 7009.9

1.270 103.9 1.040 9713.1

1.260 113.5 1.030 13257.5

1.250 163.1 1.020 17488.2

1.240 199.6 1.010 22996.5

1.230 258.5 1.000 28935.4

1.220 319.7 0.990 34373.8

1.210 437.1 0.980 38051.8

1.200 599.4 0.970 40076.6

1.190 721.8 0.960 40943.8

1.180 817.4 0.950 41067.2

1.170 922.3 0.940 41107.2

1.160 1119.5 0.930 41116.6

1.150 1233.2 0.920 41117.4

1.140 1491.4 0.910 41118.2

1.130 1686.0 0.900 41118.2
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OFF combined: A more detailed analysis of the fuel statistics has shown the heat and
criticality percentiles to be nearly uncorrelated, so the percent of the fuel covered by both
criteria simultaneously can be approximated by the product (0.986)(0.926)=0.913, or
approximately 91 percent.

YFF1O thermal: The MTU of PWR fuel having heat greater than or equal to 1900
watts/MTU (855 watts/assembly for PWR) is read from Table 6.3.4-2 as 15741. It can be
seen from Table 6.3.4-4 that there is essentially no BWR fuel having heat greater than the
equivalent 2360 watts/MTU. The 15741 MTU of PWR fuel represents approximately 25
percent of the total 63,000 MTU of SNF to be emplaced in the first repository.

YFF 10 criticality: With a performance level of k. = 1.13 chosen as the design capability,
Table 6.3.4-6 shows there to be 1686 MTU PWR at least that stressing. As with OFF, there
is no issue with BWR criticality, so this MTU represents 2.7 percent of the total.

YFFIO combined: Approximating the combined probability of coverage by the product of the
individual probabilities of coverage for thermal and criticality, (0.75)(0.973)=0.73, which
means that 73 percent of the YFF1O fuel will be covered by this design basis.

6.3.5 Recommended Design Basis Fuel

Preliminary design analysis has indicated the capability to design a 21 PWR package with
sufficient internal thermal conductivity to handle a thermal load of 800 watts/assembly
without exceeding the 350'C temperature limit on any of the fuel cladding. Preliminary
analysis has also indicated the capability to apply sufficient internal neutron absorber material
to reduce a k. of 1.13 to the required keff of 0.95 including bias and uncertainty. The
statistical tabulations indicate that these parameter values are more stressing than would be
produced by over 90 percent of the fuel for the OFF selection strategy or over 70 percent of
the fuel for the YFF1O strategy.

It is likely that a somewhat more encompassing design may be practical. Accordingly,
objectives of 91 percent coverage for the OFF strategy and 72 percent coverage for the
YFFIO strategy were defined. The statistical tabulations show that these targets can be
achieved with a design basis fuel heat at emplacement of 855 watts/assembly for PWR fuel
(or the equivalent for BWR fuel, 361 watts/assembly).

The thermal performance parameter of 1900 watts/MTU will be produced by a range of
values of age, burnup and initial enrichment. For a given heat, the older fuel will have higher
burnup, and will decay more slowly (giving a higher integrated heat over the repository life);
therefore, the more conservative design basis would have the older fuel at the higher burnup.
However, most of the hot fuel will be close to 10 years in age, so the older fuel is not very
representative of the most stressing condition. Accordingly we propose a compromise: 16
years, 58,000 MWd/MTU, initial enrichment = 4.6 percent. These values of burnup and
enrichment are sufficiently typical that they fall within the range of the CDB interpolation
table.
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For the criticality design basis we take 10 years, 20,000 MWd/MTU, and 3 percent initial
enrichment. This design point was selected from the range of values giving the target kel =
1.13. The burnup was chosen so that the enrichment which gives k .. = 1.13 falls in middle of
the range of actual enrichment values for fuel having that burnup (20,000 MWd/MTU). This
value also falls at one edge of the range of the CDB interpolation table.

These design basis recommendations are summarized in Table 6.3.5-1.

Table 6.3.5-1. Summary of Design Basis Recommendations

I Parameter I Thermal/Shielding I Criticality I

Burnup 58,000 MWd/MTU 20,000 MWd/MTU

Initial enrichment 4.6% 3%

Age 16 years 10 years

OFF Coverage (91%) 92.6% 98.6%

YFFIO Coverage (73%) 75% 97.3%

The percent figures in the first column (for OFF and YFF 10) represent the combined coverage
(product of the individual coverages, expressed as fractions, with multiplication of the
resulting fraction by 100 to convert back to percent).

6.3.6 Comparison of Alternative Estimates

It is useful to compare the heat outputs of a 21 PWR package for the four different
inventory/scenario assumptions analyzed here, under a range of design basis fuel assumptions
for each. To make the comparison comprehensive, we have used both 10 year and 20 year
ages for the two inventory cases (full 86,000 MTU and pre-2003 subset). This results in six
cases; for each of these cases three different full design basis fuels were determined,
corresponding to the 90, 80, and 70 percentiles for combined criticality and thermal
requirements. The results are presented in Table 6.3.6-1. In each case the criticality
percentile was approximately 98 percent, so most of the variation comes from heat. For the
inventory cases burnup percentiles were used as a surrogate for heat output.
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Table 6.3.6-1. Heat Output of 21 PWR (kW/pkg)

I 1________ - 90% ° 80% [ 70%

OFF 17t 14.2 12.3

YFF10 22 19 12.3

86,000 MTU; 10 yr 20.5 18.4 17

86,000 MTU; 20 yr 15.5 13.9 12.9

Pre-2003; 10 yr 16.4 15.1* 14.1

Pre-2003; 20 yr 12.5 11.5 10.7

Notes:
t Corresponds to the design basis fuel recommended
* Corresponds to the design basis fuel recommended

in this analysis
in the MPC specification
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6.4 FUEL ROD CLADDING BARRIER LIFE EVALUATION

It is desirable to take credit for containment barriers whenever that is possible. For spent
fuel, containment barriers include not only the container, which may itself consist of more
than one barrier, but the fuel cladding as well. Additional containment credit is helpful in
establishing regulatory compliance for three reasons. First, longer containment provides
additional time for decay of radioactive material, and thus a reduction of the radioactive in-
ventory, before release can begin. Second, longer containment tends to distribute failures
over a longer time, reducing release rate and reducing radiation doses to individuals. Third, if
the failure of the barrier is localized, the barrier may still pose a significant obstacle to
diffusive and advective transport of radionuclides, thus reducing the release rate. However, if
credit is to be taken, the cladding must be kept sufficiently cool to control its degradation.

It has been suggested that limiting the temperature of the cladding to 350'C will suffice to
control degradation, because the cladding is exposed to approximately this temperature during
reactor operation. However, the environment of the fuel rods after disposal is different from
that during reactor operation, particularly in that there is much less external pressure to coun-
terbalance the internal pressure of the gas in the fuel rod. In this report we assess degrada-
tion mechanisms and attempt to predict the durability of the cladding as a function of temper-
ature.

6.4.1 Fuel Rod Cladding

Fuel cladding has substantial promise as a containment barrier in that most cladding is made
of Zircaloy, which is resistant to aqueous corrosion. However, cladding is an imperfect
containment barrier. Some of the radioactive inventory is not contained at all, being in crud
deposits on the outside of the cladding. Some rods also leak. About I percent of the fuel
rods dating from the 1970s or earlier had leaks upon discharge from the reactor. More recent
fuel rods provide better containment, with only about 0.02 to 0.05 percent of rods having
leaks upon discharge (BNL, 1990). Leaky rods will quickly release their inventories of 3H
and 85Kr as these can escape as gases. Nevertheless, the cladding can retard release of
radionuclides that are transportable by groundwater.

Two types of cladding failure may be distinguished: perforation and gross failure.
Perforation is the less severe of the two and tends to occur if the degradation mechanism is
driven by gas pressure inside the fuel rod. When perforation occurs, the gas inside the rod
escapes and the degradation mechanism becomes inactive. Perforations are small, with hole
dimensions on the order of micrometers. As a result, perforations may become plugged with
products of corrosion, which limit the access of outside gas or water to the fuel. Gross
failure implies much larger holes or cracks in the cladding and may be caused, for example,
by general corrosion. In an oxidizing environment, perforation may result in gross failure
later. Oxygen can enter the fuel rod through the perforation, leading to oxidation of U02 to
U4 09 or U3 08 , depending on temperature and time. Oxidation of U0 2 to U30 causes the fuel
to increase significantly in volume. Such volume increases can split the cladding (EPRI,
1986).
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6.4.2 Experimental Results

Only a few experimental efforts have considered the failure of fuel rods at high temperature
because of internal pressure. Einziger and Kohli (Einziger and Kohli, 1984) stored irradiated
fuel rods at 323'C for 2101 hours and studied the effects of exposure on the orientation of
hydrides. The duration of the experiment was too short to allow confident extrapolation to
the duration of waste disposal. However, the experiment did reveal the reorientation of
hydrides. The hydrides were originally circumferential, but after dissolution at high
temperature under tensile stress, the hydride reprecipitated on grain boundaries. The new
precipitates were largely radial. Hydride reorientation is discussed in more detail below.

PNL-4555 (1983) describes an experiment in which unirradiated fuel rods were heated until
they failed. The author was interested in studying the overheating of rods in dry storage.
The times are much shorter and the temperatures much higher than those for disposal. Again,
the results are probably not relevant, even for testing a model of cladding degradation,
because the temperature regimes are quite different, and the deformation mechanisms may be
different as well.

6.4.3 Failure Mechanisms

Several mechanisms have been proposed for the failure of fuel rod cladding. These include
creep rupture, stress corrosion cracking, delayed hydrogen cracking, radial reorientation of
hydrides, hydrogen redistribution, irradiation embrittlement, oxidation of the cladding, and
strain rate embrittlement. PNL-6364 (1987) includes a detailed assessment of the importance
of these modes for cladding degradation during dry storage. The authors conclude that creep
rupture is the primary mechanism of failure. Other mechanisms are rejected because of low
stress or low stress intensity (stress corrosion cracking, delayed hydrogen cracking, hydride
reorientation, irradiation embrittlement, and strain rate embrittlement), low free iodine concen-
tration (stress corrosion cracking), low temperature gradients (hydrogen redistribution), and
absence of free oxygen (oxidation of the cladding). The NRC reached similar conclusions in
their evaluation of storage casks for dry storage of spent fuel (NRC, 1985). In disposal, the
stress, stress intensity, temperature gradients, and iodine concentration are all expected to be
comparable to or smaller than those seen during storage. Accordingly, the dominant mode of
degradation in disposal should be creep rupture. However, Einziger's work (Einziger and
Kohli, 1984) suggests that hydride reorientation cannot be ruled out.

6A.4 Creep Rupture

Because of the high cost of long experiments, especially those on radioactive material, most
experimental measurements of creep rupture have been performed on unirradiated material
and at temperatures that are higher than those anticipated under disposal conditions. An ex-
ception is the work of Einziger and Kohli (Einziger and Kohli, 1984). They used a
conservative Larson-Miller analysis of creep life to predict a creep rupture life of 100 years at
305'C for irradiated cladding. Because it is impractical to perform experiments of such long
duration, predictions like these require extrapolations from short-term behavior measured at
high temperatures. In making such extrapolations, there is always the danger that the
dominant degradation mechanism will change, and that the degradation rate will be
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underestimated. If the degradation mechanisms can be readily described, it is preferable to
use mechanistic models instead of empirical models, and to have the choice of models
dependent on temperature and stress.

To use mechanistic models we must consider the mechanisms of creep rupture. Four mecha-
nisms have been suggested for creep failure (PNL, 1986): ductile transgranular fracture,
triple-point cracking, power-law cavity growth, and diffusion-controlled cavity growth
(DCCG). In ductile transgranular fracture, voids nucleate at the surfaces of inclusions,
carbides, or other hard particles in the material. The voids grow and coalesce as plastic
deformation progresses. In triple-point cracking, grain-boundary sliding opens wedge-shaped
voids. The thick end of the wedge forms along the lines where three grains meet. In cavity
growth, lenticular cavities form along the grain boundaries. The mechanism of cavity growth
depends on the applied stress. If the stresses are low, the dominant mechanism for cavity
growth is diffusion of vacancies along the grain boundaries. Grain boundary diffusion of
vacancies occurs at higher stresses as well, but here the dominant mechanism for cavity
growth is power-law creep of the material between the cavities. Under the conditions
expected for storage or disposal, DCCG is expected to be the primary failure mechanism
(BNL, 1990; PNL, 1983). The NRC agrees with this conclusion, as is shown by their
calculations for storage casks in which they calculated temperature limits from a model for
DCCG (NRC, 1985; PNL, 1987c).

For any mechanism of creep rupture, failure is slow and the driving force for degradation is
completely removed when failure occurs. Accordingly, creep rupture leads to perforation
rather than to gross rupture.

Standard treatments of cladding life use the method of damage accumulation: the amount of
damage at time t, D(t), is given by

D(t) = d (Equation 6.4.4-1)
0L

where L is the lifetime of the material under the conditions that prevail at time T. When D(t)
= 1, the material fails. If more than one damage mechanism is present, damage by different
mechanisms is taken to be independent, so a separate damage integral is calculated for each
mechanism, and failure occurs by the mechanism the integral of which reaches I first.

While the fuel rods are at high temperatures, it is important that they be kept in an inert
atmosphere. Oxygen can enter the rods through defects in the cladding and cause oxidation
of the spent fuel. Oxidation to U30, can increase the volume of the fuel and cause gross rup-
ture of the cladding. In this report oxidation is neglected, as is appropriate if the disposal
container is filled with an inert gas and remains intact.
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A crucial factor in prediction of cladding life is the hoop stress. The maximum hoop stress a
occurs at the inner surface of the cladding. From the equations for a thick-walled tube, a is

2 2

a = p r. r" (Equation 6.4.4-2)
2 2r. - r,

where P is the pressure inside the fuel rod, and r, and r0 are the inside and outside radii of the
cladding, respectively. Note that P will depend on the temperature of the rod, the initial
pressurization, the burnup, and the degree of fission gas release.

The rupture life of the cladding is subject to some disagreement. The treatments of DCCG
that were reviewed are all based on that of Raj and Ashby (Raj and Ashby, 1975). In this
treatment it is assumed that tensile stresses in cladding cause cavities to nucleate and grow on
the grain boundaries. Growth occurs by grain-boundary diffusion of vacancies to the cavities.
Failure is assumed to occur when cavities cover a certain area fraction of the grain
boundaries. The area fraction is typically 15 or 20 percent. The treatments agree on the
micromechanism for failure, and also that the creep rupture life L has the functional form

L nX3kT

(Equation 6.4.4-3)

where n is a dimensionless constant that depends on the shape of the cavity and the diffusion
geometry, x is the cavity spacing (in), k is Boltzmann's constant (J/K), T is temperature (K),
8 is the effective thickness of the grain boundary for diffusion (m), Db is the grain boundary
diffusivity (m 2Is), Q is the atomic volume (M3), a is the hoop stress (Pa), and m is a dimen-
sionless constant that depends on microstructure. Of the factors in Equation 6.4.4-3, k, T, and
a are unambiguous and m is usually set to 1, but there is some disagreement about n, X, 8,
Db, and Q. Values of these factors are discussed below.

Confusion about 2 is traceable to the NRC, whose authors incorrectly use b3 instead of 1,
where b is the Burgers vector (m) (NRC, 1985). DCCG involves diffusion, not dislocation
motion, so the use of b3 is unjustified. The error is copied in PNL-5998. The authors of
UCID-21 181 (UCID, 1987) correctly calculate D from the atomic mass and density of
zirconium, but, citing PNL-5998, they then incorrectly decide that it is better to use b3, which
is about 50 percent larger than fl, "for the sake of conservatism." The NRC has not
commented on this matter.
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Diffusion is a thermally activated process, so diffusivities are normally reported in the form
Dgb = DObexp(-QbRT). Here Do~b is known simply as the pre-exponential constant (mr2 s),
Qb is the activation energy (J/mol), and R is the gas constant (J/mol-K). Measurements of
grain boundary diffusivity are difficult, and there is great variability in the values reported.
UCID-21181 (UCID, 1987) reports the values DRI = 6 x 10-10 exp[(-l 12 kJImol)/RTJ m2Is
from Chin (Chin, Madsen and Khan) and D~b = 5.9 x 1O exp [(-131 kJ/mol)/R7J m2/s from
Garde, Chung and Kaisner (1978), and PNL-5998 reports the value DRb = 3.89 x 10' exp
[(-175 kJ/mol)/R7I m2/s. At 623 K = 350'C, the largest of these diffusivities is 7400 times
the smallest. Since the creep rupture lifetime is inversely proportional to the diffusivity, the
predicted lifetimes will also vary by a factor of 7400.

Measurements of grain boundary thickness are also difficult. PNL-5998 takes 8 = 50b, but
the NRC and UCID-21 181 take 8 = 3b = 9.69 x 10-'° m. PNL-6189 takes the middle ground
and considers both values in a sensitivity study. In view of the typical structures of grain
boundaries, 3b seems more plausible.

The cavity spacing X is particularly important in calculating the creep rupture lifetime since
its cube appears in Equation 6.4.4-3. UCID-21181 follows the NRC and recommends a value
of 10 pm, citing experimental measurements of 10 pm to 20 pm. PNL-5998 is extremely
conservative, choosing X = 2.6 pm.

Determining n is perhaps the most troublesome part of the theory. PNL-5998 suggests a
value of 1.3462 x 104, but PNL-6189 gives n = 2.525 x 10-3 as an explicit correction to the
value in PNL-5998. UCID-21181 presents a derivation for n. Unfortunately, one factor in n
is an integral over an interval that extends to a nonintegrable singularity. On the basis of
UCID-21181, it could therefore be argued that n is infinite. In contrast, the NRC (NRC,
1985) gives a different equation for n that does not have a singularity, while Raj and Ashby
(Raj and Ashby, 1975) and BNL 52235 (BNL, 1990) use yet another that also lacks a
singularity. To understand why a singularity should be present, it is helpful to look at the
underlying models.

The formation of cavities is a nucleation and growth process. Such processes are typically
treated as follows (Reed-Hill, 1973). Consider the formation of a spherical cavity of radius p
in response to an applied tensile stress a. We may write the following approximate equation
for the Gibbs free energy of formation AG;Ph of a spherical cavity:

AG ph = 4xp5y, - 4p3a/3 (Equation 6.4.4-4)

where y1 is the surface energy of a free surface. For small p, the surface area (p2 ) term
dominates and AG;Psh is positive, but, for large p, AG;Ph becomes negative. Small groups of
vacancies, called embryos, may come together because of statistical fluctuations. Since AGsi'*
increases with increasing p, the groups are unstable and tend to disperse. However, if the
group happens to be large enough, it exceeds what is called the critical size, which is at the
maximum in AGJSPh. Such groups are called nuclei; they are stable and tend to grow.
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Formation of a cavity on a grain boundary is more complex. Here the equilibrium shape of
the cavity is lenticular, with two spherical caps joined at the plane of the grain boundary.
Because of the surface energy of the grain boundary Yab, the Gibbs free energy of formation
is modified to

AGflen = 4xfp 2y,(1 - cosO) - xply'bsin20 - 27tp3C;(2 - 3cosO + cos30)/3

(Equation 6.4.4-5)

where 0 is the dihedral half-angle of the edge of the cavity. To provide equilibrium among
surface tensions,

Y0b = 2ypcos0 . (Equation 6.4.4-6)

Note that in Equation 6.4.4-5, as in Equation 6.4.4-4, p is the sphere radius.

The discussion of the theory of nucleation and growth above has two important applications.
First, it shows the origin of the nonintegrable singularity in UCID-21181. The authors as-
sume that the cavities are nucleated at the critical size, p = 2y/d. At this size, aAGf/ap = 0
for either spherical or lenticular cavities. In other words, the thermodynamic driving force for
growth or shrinkage is zero; the cavities are in tentative equilibrium. As discussed below, a
solution is to choose an arbitrary initial cavity size larger than the critical size.

A second application of the discussion is to make a quantitative calculation of the applicabili-
ty of nucleation theory. Typical expected values are a = 80 MPa, As = 2 J/m2, and Ygb = yl2.
From these we obtain a critical sphere radius of 50 nm. A cavity of this size contains about
1.4 x 107 vacancies, and at 350*C the activation energy for formation of a cavity is more than
1.5 x lO6kT. This activation energy is so large that the resulting nucleation rate is negligible.
We may conclude that nucleation theory fails to explain the formation of these cavities. A
possible explanation for the nucleation of cavities is that they result from radiation damage to
the cladding. No micromechanical model of the effects of radiation damage on nucleation of
cavities has been proposed.

As described above, there are large uncertainties in the predicted rates of cavity growth. The
largest uncertainty is that in Dgb, which is uncertain by a factor of 7400. This is compounded
by an uncertainty in 3 by a factor of at least 57. BNL 52235 has a dramatic calculation of
the effect of these variations on the life of cladding in a repository (BNL, 1990). The
calculations there followed those of the NRC except that 0 was taken to be cos'1(l/4) - 7503
and X was varied between 5 pm and 12.5 jum. For this small variation in X, the failure time
varied from 1.9 years to more than 1000 years. The calculations with small X predict that the
material fails quickly as it heats up. With larger X, however, the high-temperature period of
disposal passes before the material fails.
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A possible response to the uncertainty in the degradation rate is to assume that Equation
6.4.4-3 has the correct functional dependence on temperature, grain boundary diffusivity, and
stress, and that the other parameters may be incorporated into n. But this approach requires
time-consuming, expensive experiments to calibrate the model. It also requires careful
determination of the activation energy for grain boundary diffusion.

A second possible solution is to attempt to construct a model that is conservative but not
excessively so. This approach is taken below. Following the derivation in UCID-21181, we
find that, for a lenticular cavity, the constant n in Equation 6.4.4-3 is

n = 32
32 bA

(Equation 6.4.4-7)

where

F.(O) = (2ic/3)(2 - 3cosO + cos3O), (Equation 6.4.4-8)

Fb(O) = X sin2O , (Equation 6.4.4-9)

and

(1 - VF,7/-)(1 - A)
ftA) = (Equation 6.4.4-10)

FA[A(I - A/4) - 3/4 - (lnA)/2]

Here Fv and Fb are defined so that F, p3 is the volume of the cavity and Fbp2 is the area of the
grain boundary that is cut out by the cavity. The function f takes account for the geometric
effects of radial diffusion to the cavity2 . Constants A, and A 1 are the initial and final values of
the fractional areas that are decohered, that is, the values upon discharge from the reactor and
at failure. The NRC assumes that failure occurs at Af = 0.15. The constant A, is the
fractional area that decoheres if the cavities are nucleated at the critical size. The critical
sphere radius for a cavity is p, = 2y,/y so

[ =4y~sin J
c ox_ (Equation 6.4.4-1 1)

As was mentioned earlier, if the cavities are at the critical size, there is no driving force to
make them grow. This is seen in Equations 6.4.4-7 and 6.4.4-10. If Ai = As, then fA,) = 0,
and there is a singularity at the lower limit of integration of Equation 6.4.4-7. To avoid the
singularity, we may assume that the cavities nucleate at a larger size. If we assume that the
initial radius is gpo, then

Ai = gAc (Equation 6.4.4-12)

If A, is not too close to As, the exact value of Ai has only a small effect on the lifetime L, but
parameters must be chosen to evaluate it. Study of the numerical behavior of the integral in
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Equation 6.4.4-7 shows that the effects of the numerical singularity at A, = Ac have largely
disappeared at Ai = 2AC, so we may take g = (2 )1'2. Similarly, surface energies of solids are
difficult to measure, but typical values are approximately y = 2 J/m2. Grain boundary
energies are normally smaller than surface energies, though their exact values depend on the
orientation of the boundary and the two crystals it separates. We may take y.b = 1 Jrm2, so
that 0 = cos'l(1/4). Following the NRC (NRC, 1985), we take the internal pressure P to be
8.25 MPa when the temperature is 643 K. From Equation 6.4.4-2 and the fuel geometries
given by Nero (Nero, 1979), we obtain a hoop stress a of 69.7 MPa. We may follow the
NRC (NRC, 1985) and let X = 10 Sum and Al = 0.15. From these values and Equations 6.4.4-
7 to 6.4.4-12, we find that n = 2.260 x 103. This value is in good agreement with that re-
ported in PNL-6189 (1987), 2.525 x I0-'.

For grain boundary properties we may follow the NRC (NRC, 1985) and take 8 = 3b = 9.69
x 101o m and D,,b = 5.9 x 106 exp [(-131 kJ/mol)/RTJ m2/s. For the temperature range of
interest (T > 249 K), this equation gives larger values for D,, than do the other equations
given above.

The constant m in Equation 6.4.4-3 is intended to describe the effect of microstructure. In the
standard models of DCCG, it is assumed that there is an applied uniaxial tensile stress and all
the grain boundaries are normal to its axis. Such a model is applicable to cladding only if all
the grain boundaries lie in radial planes, whereas cold-forming of cladding produces grains
that are flattened in the radial direction. Typical grain boundaries are thus favorably oriented
for resisting DCCG. It is clearly appropriate to modify the model to fit the actual microstruc-
ture.

Growth of cavities is possible only if the traction across the grain boundary has a normal
tensile component. The rate of cavity growth is proportional to this traction, so we have
calculated the average tensile traction on the surface of a grain. The principal stresses are
those for a pressurized, thin-walled tube; a in the circumferential direction, c;/2 in the axial
direction, and 0 in the radial direction. The choice of this stress tensor is conservative; except
at the outer surface, there is a compressive radial stress that will tend to reduce the rate of
growth or even heal some of the cavities. The grain was taken to be an ellipsoid with semi-
axis lengths of a in the circumferential direction, b in the axial direction, and c in the radial
direction3. The tensile traction on the surface of the grain varies from 0 where the grain
boundary normal is radial to a where the grain boundary normal is in the circumferential
direction. The ratio of the average normal traction to the hoop (circumferential) stress, m,
was calculated as a function of a/c and b/c. The effects of a/c and b/c on cladding life are
shown in Figure 6.4.4-1.

The value of a/c may be estimated from photomicrographs of polished and etched transverse
sections of cladding. The value of b/c is often so large that it is difficult to determine from
photomicrographs, but it may be estimated as follows. Consider an equiaxed grain of radius
r. The grain is part of a tube that is cold-worked. Because the metal is being cold-worked,
there is no recrystallization and no grain boundary sliding, so the strain of the grains is the
same as the macroscopic strain. Assume that the wall is being thinned but the radius of the
tube is held constant. Because the radius is unchanged, the length of the grain in the
circumferential direction is unchanged; a = r. To conserve matter, the radial dimension must
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be reduced and the axial dimension increased such that abc = AV. From this it follows that b/c
= (alc)2 . If the radius of the tube is decreased, b/c will be larger than (alc)2. Cladding life as
a function of a/c for b/c = (a/c)2 is shown in Figure 6.4.4-2.

From photomicrographs of cladding, we estimate that a/c = 4. For conservatism, we have
taken a/c = 3 and b/c = 9. These choices yield m = 0.164521.

The remaining parameters in the equation for cladding life (Equation 6.4.4-3) are
straightforward. The atomic volume L is correctly calculated as V/N, where V is the volume
of the crystallographic unit cell and N is the number of atoms per unit cell. From published
crystallographic data (Weast, ed., 1980) we calculate that (j = 2.334 x 10-29 M3 . Boltzmann's
constant k = 1.380658 x 10-23 J/K is found in standard reference books (Weast, ed., 1980).
We follow the NRC and take the cavity spacing to be 10 ,um (NRC, 1985) . Finally, by
assuming that the gas inside the fuel rod is ideal and neglecting external gas pressure and the
effect of thermal expansion of the fuel and cladding, we find that Tla is a constant.

With the information given above we can calculate the lifetime L for various temperatures.
Sample results are given in the Table 6.4.4-1 and plotted in Figure 6.4.4-3.

Table 6.4.4-1. Lifetime L for Various Temperatures

I Temperature I Lifetime

I (0C) (yr) j
200 120,000

250 5,000

300 360

325 110

350 40

375 15

400 6.1

These results are for isothermal exposure at the specified temperature. For varying tempera-
tures, the method of damage accumulation (Equation 6.4.4-1) applies. Since we attempted to
make conservative estimates of each parameter, these predictions should be conservative.

We used these methods to calculate the degradation of cladding from a simulated spent fuel
thermal history. PWR fuel assemblies with 40 GWd/MTU burnup and 461 kg of heavy metal
per assembly were assumed to be stored in a fuel pool for five years, then stored in a
CASTOR V/21 for five years, and finally emplaced in a repository. The repository contained
21 PWR packages in 7.62-m (25-ft) drifts with a thermal loading of 197.7 kW/hectare (80
kW/acre). The temperature (M&O, 1993w) and fraction of cladding life consumed are plotted
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in Figure 6.4.4-4. Here the amount of cladding life consumed is the amount of damage D in
Equation 6.4.4-1; when D = I (or 100 percent) the material fails. A small amount of damage
(slightly over 5 percent) accumulates during the five years of dry storage. Because of the
rapid decrease in temperature during storage, prolonging dry storage produces only a very
small amount of additional damage. Upon emplacement, the temperature and rate of damage
accumulation increase. Almost all of the damage occurs during the first 100 years; as the
temperature drops, damage accumulates very slowly. The damage accumulated at 10,000
years is about 46 percent.

For reasons of convenience, it has been common practice to evaluate waste package and
repository designs by the simple rule that the maximum cladding temperature must not exceed
350'C. The calculation described above may be modified to test this rule. Let us change the
temperature history by increasing the temperature by a fixed amount, and let us say that the
hottest acceptable temperature history is the one that produces failure at 10,000 years. By
repeatedly integrating the damage accumulation for different temperature increments, we find
that the hottest acceptable temperature history has a peak temperature of 374'C. This is in
fair agreement with the simple temperature-limit rule. For other fuels and repository designs
the maximum acceptable temperature may differ.

1. The NRC assumed that 9 = 300. This smaller value of 0 implies that y,, = 1.28 hi. Since it would be very surprising
to have a grain boundary energy that is larger than the surface energy, this assumption is unrealistically conservative. The
value of 9 used in BNL 52235 implies that yFb = 0.50 ,; the latter value of yZ is much more realistic.

2. Raj and Ashby (1975) and the NRC (1985) give slightly different equations forftA). Raj and Ashby's is clearly in error,
since it is inconsistent with other equations in the paper. The form of the NRC's equation strongly suggests that the authors
erred in their derivation, but proving that is impossible since some variables are not defined. UCID-21181 (1987) gives an
equation with this form but fails to mention, let alone treat, the singularity discussed below.

3. Since ellipsoids do not fill space, the individual grains will not be ellipsoidal, but their average shape will approximate an
ellipsoid in the sense that the distribution of grain boundary normals will be approximately that for an ellipsoid.
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6.4.5 Hydride Reorientation

Cladding corrosion during reactor operation releases hydrogen, which can be absorbed by the
cladding. Hydrogen has a large solubility in Zircaloy; at 350'C, 120 ppm of hydrogen can
dissolve (BNL, 1990). When the cladding cools, the solubility decreases and dissolved
hydrogen precipitates on grain boundaries as hydrides. The hydrides are brittle, and can
provide paths for brittle fracture of the cladding. Zircaloy grains are typically flattened in the
radial direction, so in unstressed material the hydrides are mostly circumferential. But if the
hydrides precipitate while the material is under stress, the hydrides preferentially precipitate
along planes normal to the largest principal tensile stress. For pressurized fuel rods, the
preferred direction is radial, and radial hydrides tend to promote cracking of the cladding.

It is difficult to assess the effects of hydride reorientation on the life of cladding, as there is
very little information available except that from Einziger and Kohli (Einziger and Kohli,
1984). The conditions for this experiment were similar to those expected for disposal of
spent fuel: the temperature was 323°C and the hoop stress in the cladding was 145 MPa.
This stress is higher than that expected for typical fuel rods, though hoop stresses of up to
133.9 MPa have been predicted for burnups of 45 GWd/MTU (BNL, 1990). The hydrogen
content of the cladding, about 90 ppm, was also not unusual. Nevertheless, substantial
reorientation of hydrides was observed after 2101 hours at temperature. The hydrogen would
have dissolved while the rods were at temperature, and the reoriented hydrides presumably
precipitated during cooldown. Therefore, even a much shorter time might suffice to reorient
the hydrides.

In some regions the radial hydrides extended almost completely through the wall thickness.
Although the hydrides did not cause failure of the cladding, it seems that the ductility and
durability of the cladding must be greatly reduced. The expected behavior in a repository is
that hydrides will dissolve when the repository heats up and reprecipitate as it cools.

6.4.6 Ameliorative Processes

Not all processes degrade the material of the cladding. Apart from the degradation mecha-
nisms discussed above, there are also mechanisms that improve the condition of the material
or reduce driving forces for degradation. Notable among these is creep, which can reduce the
driving force for DCCG. If the cladding creeps isothermally from an initial radius r, to a new
inside radius r, + Arc , the absolute pressure inside the fuel rod decreases according to the
equation

P. V
=~~~~~ (Equation 6.4.6-1 )

Pi V + xh(2rcAr + Ar,)

where P1 and P1 are the gas pressure in the rod before and after creep, respectively, h is the
length of the rod, and V is the initial gas volume inside the rod. Since V is normally small,
even small amounts of creep can produce substantial changes in pressure. Einziger and Kohli
(Einziger and Kohli, 1984) state that a hoop creep strain of 2 x 10 will typically reduce the
internal pressure about I percent. For unirradiated Zircaloy, the increases in radius can be
large. In tests of fuel rods that were furnace-heated at 10 to 56 K/hr, the cladding radii
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increased by 10 to 36 percent before rupture occurred, (PNL, 1983c) with the largest strains
corresponding to the smallest heating rates. It should be noted that Equation 6.4.6-1 is
incomplete in that it does not take account of the release of fission gases from the fuel or
production of He by a-decay during storage.

A second process that tends to improve the condition of the material is annealing. Irradiation
is expected to produce both dislocations and point defects, with a resulting increase in hard-
ness and decrease in ductility. At sufficiently high temperatures, the defects can be annealed
out, with a resulting decrease in hardness and, presumably, an increase in ductility. The
annealing rate depends strongly on temperature. At 500'C, annealing is essentially complete
in 10 days, but at 400'C it takes about 50 years (PNL, 1987). Annealing at 350'C takes
much longer, perhaps 5000 years. The annealing times are so long that using decay heat to
anneal the cladding in the repository is not practical.

In the DCCG model of creep rupture, annealing produces its benefits by removing the cavity
nuclei. As has been seen previously, cavities of the required size cannot be nucleated by
thermal activation.

It is not clear how much benefit might be obtained from annealing. Einziger and Kohli
(Einziger and Kohli, 1984) estimate that a storage life of 100 years may be possible at 400 to
440@C for annealed rods.

6.4.7 Fuel Rod Cladding Evaluation Conclusions

The NRC has identified DCCG as "the only mechanism of damage for dry storage ... that
could cause degradation and gross rupture of the cladding." (NRC, 1985) Since the
conditions of dry storage in an inert atmosphere are like those of disposal, we too have
focused our efforts on that mechanism, and have developed a conservative model.

The model of DCCG developed here does not specify an absolute maximum temperature to
which the cladding may be safely exposed. Instead, it specifies that damage accumulates at a
temperature dependent rate and that failure occurs when enough damage has accumulated.

The results presented here can sometimes be used directly to show that a given temperature
history will produce excessive damage. For example, if the temperature of the cladding is
above 400'C for more than 4.8 years, the damage will be excessive. In contrast, to show that
a given temperature history will not produce excessive damage it is necessary to integrate the
rate of damage accumulation.

The rule of thumb that maximum cladding temperatures should be kept below 350C was
examined and found to be roughly correct. In calculations for a design-basis fuel and one
thermal loading, a maximum cladding temperature of 350'C was sufficient to conclude that
DCCG will not cause failure during the first 10,000 years after disposal. In a conservative
calculation, we have shown that an isothermal exposure of spent fuel rods to 350'C for 40
years will produce a level of damage that the NRC deems to be "insignificant" (NRC, 1985).
For many fuels the temperature decreases enough in 40 years that subsequent damage accu-
mulation is very slow and the rule correctly predicts that the excessive damage will not occur.
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But for fuels that cool slowly, the 350'C rule may not be conservative. Therefore, the use of
damage accumulation integrals is recommended in evaluating thermal loadings.
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6.5 MATERIALS SELECTION

6.5.1 Introduction

The current waste package design effort is focused on all-metallic multibarrier concepts to
accommodate large MPCs, small MPCs, uncanistered spent fuel, and high-level waste glass
canisters. This design incorporates an outer corrosion-allowance metal barrier over an inner
container made of suitable corrosion-resistant metal. By using two distinctly different
materials, it is possible to reduce the probability that a single environment will cause rapid
failure of both. The waste package is being designed for emplacement in a horizontal drift
located in an unsaturated zone. The corrosion-allowance barrier, which will be thicker than
the inner corrosion-resistant barrier, is being designed to undergo corrosion-induced
degradation at a very slow rate, thus providing the inner container protection from the
potential repository environment for a prolonged service life. Selection of suitable materials,
therefore, exerts a significant influence on the resistance of these containment barriers to all
pertinent forms of environment-induced degradation.

6.5.2 Materials Selection Process

The waste package materials selection process will operate in a parallel, iterative manner with
the design activities. The many different activities associated with the selection process,
shown in Figure 6.5.2-1, are the following:

* Definition of component functions, performance requirements, design requirements,
and environments

* Establishment of selection criteria and weighting factors

* Identification of candidate materials

* Collection of information/test data

* Application of collected information/data to selection criteria, and ranking

* Selection and peer review

* Confirmatory tests of selected materials.

The criteria for materials selection should consider the waste package design and service
environment conditions. For metallic multibarrier design concepts currently under review, the
selection criteria are essentially a composite of how a material for a specific component
performs within a waste package system, and how well it meets the performance and design
requirements. The anticipated functions, and performance and design requirements of
different components of a metallic multibarrier waste package have been identified, as
illustrated in Tables 6.5.2-1 through 6.5.2-7.
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The selection criteria have been classified into two major categories: (a) those related to the
performance of candidate material in the anticipated repository environment, and (b)
engineering-related aspects dealing with cost, engineering experience, and practical
considerations of fabrication, closure, and material availability. The selection criteria under
the first category may consist of several topical areas such as mechanical performance,
chemical performance, predictability of performance, and compatibility with other materials.

A technical weighting factor has been assigned to each selection criterion, as shown in Figure
6.5.2-2. Because there exists no universally accepted way of balancing these criteria against
each other, assignment of weighting factors was simply based on engineering judgment. The
highest weighting factor was applied to the chemical performance, which includes corrosion
and oxidation. This reflects the overriding importance of maintaining containment over a
long period of time, and the general assumption that the most likely mode of breaching will
be either corrosion or oxidation. The next highest weighting factor was assigned to
fabricability, as the material under consideration should be capable of being formed into
containers, and reliably sealed.

The next highest weighting factor was applied to predictability, followed by mechanical
performance, compatibility, and previous experience, respectively. Predictability is important
in that it is necessary to develop a sufficiently convincing assessment of long-term
performance to ensure that the anticipated performance requirements will be met. With
respect to mechanical performance, the selected material should assure the structural integrity
of a specific component during handling and storage. Furthermore, compatibility of a
material with other materials present would be needed to ensure that the different components
of the waste package can work together to meet the desired performance and design
requirements. Finally, the lowest weighting factor has been assigned to previous experience.
While cost is an important factor in selecting materials, no weighting factor has been assigned
to cost, since its importance may depend on waste package design.
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Table 6.5.2-1. Postclosure Functions, and Performance and Design Requirements of Metallic
Outer Containment Barrier(s) in Air/Steam Environments*

| Performance
Component Function | Requirements Design Requirements

Outer Contain Cumulative fraction of Proven and reliable material,
Containment Radionuclides waste packages fabrication, closure and inspection
Barrier(s) (RNs) breached: 0 - 1,000 technology

years < 104 (TBV)
Reduce residual stress to a
reasonably low level

Minimize strength reduction due to
microstructural instability

Capability of withstanding ground
motion due to horizontal and vertical
fault displacements

Limit long-term penetration rate due
to oxidation to 0.001 mm/year
(TBV)

Limit RN Release rate of RNs Degraded as well as intact
egress after from waste packages containment barriers provide
container meets NRC requirement for retardation of RN release
breach

*Temperature 2 96 C; Low relative humidity; other environmental variables as anticipated
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Table 6.5.2-2. Postclosure Functions, and Performance and Design Requirements of
Metallic Inner Containment Barrier in Air/Steam Environments*

Performance l
Component Function Requirements | Design Requirements

Inner Contain RNs Cumulative fraction of Proven and reliable material,
Containment waste packages fabrication, closure and inspection
Barrier breached: 0 - 1,000 technology

years < 10-4 (TBV)
Reduce residual stress to a
reasonably low level

Minimize strength reduction due to
microstructural instability

Capability of withstanding ground
motion due to horizontal and vertical
fault displacements

Limit RN Release rate of RNs Degraded as well as containment
egress after from waste packages barriers provide for retardation of
container meets NRC requirement RN release
breach

*Temperature 2 96 C; Low relative humidity; other environmental variables as anticipated
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Table 6.5.2-3. Postclosure Functions, and Performance and Design Requirements of
Metallic Outer Containment Barrier(s) in Wet Environments*

| Performance
Component Function Requirements | Design Requirements

Outer Contain RNs Cumulative fraction of Proven and reliable material,
Containment waste packages fabrication, closure and inspection
Barrier(s) breached: 0 - 1,000 technology

years < 104 (TBV)
Reduce residual stress to a
reasonably low level

Minimize strength reduction due to
microstructural instability

Capability of withstanding ground
motion due to horizontal and vertical
fault displacements

Compatibility of inner container
material with outer container material
so that inner container is galvanically
protected

Limit long-term penetration rate due
to general corrosion to 0.01 mm/year
(TBV)

Limit long-term penetration rate due
to localized (pitting and crevice)
corrosion to 0.001 mm/year (TBV)

Limit long-term penetration rate due
to microbiologically-influenced
corrosion to 0.01 mm/year (TBV)

Limit long-term penetration rate due
to oxidation 0.001 mm/year (TBV)

Threshold stress intensity factor for
stress corrosion cracking
250% (TBV) of critical plane strain
stress intensity factor
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Table 6.5.2-3. Postclosure Functions, and Performance and Design Requirements of
Metallic Outer Containment Barrier(s) in Wet Environnents* (Continued)

Performance
Component Function Requirements Design Requirements

Outer Limit Provide sufficient wall thickness to
Containment radiolytic reduce radiolytic effects to acceptable
Barrier(s) effects levels

Limit RN Release rate of RNs Degraded as well as intact
egress after from waste packages containment barriers provide for
container meets NRC requirement retardation of RN release
breach

*Temperature < 96 C; Aqueous environments with variables as anticipated
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Table 6.5.2-4. Postclosure Functions, and Performance and Design Requirements of
Metallic Inner Containment Barrier in Wet Environments*

Performance
Component Function Requirements Design Requirements

Inner
Containment
Barrier

Contain RNs Cumulative fraction of
waste packages
breached: 0 - 1,000
years < 104 (TBV)

Proven and reliable material,
fabrication, closure and inspection
technology

Reduce residual stress to a
reasonably low level

Minimize strength reduction due to
microstructural instability

Capability of withstanding ground
motion due to horizontal and vertical
fault displacements

Compatibility of inner container
material with spent fuel (SF) basket
material so that corrosion potentials
are very close to each other

Limit long-term penetration rate due
to localized (pitting and crevice)
corrosion to 0.001 mm/year (TBV)

Limit long-term penetration rate due
to general corrosion to 0.0001
mm/year (TBV)

Threshold stress intensity factor for
stress corrosion cracking 2 50%
(TBV) of critical plane strain stress
intensity factor

Limit RN
Egress After
Container
Breach

Release rate of RNs
from waste packages
meets NRC requirement

Degraded as well as intact
containment barriers provide for
retardation of RN release

*Temperature < 96'C; Aqueous environments with variables as anticipated
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Table 6.5.2-5. Postclosure Functions, and Performance and Design Requirements of
Spent Nuclear Fuel (SNF) Baskets in Air/Steam Environments*

_ Performance |
Component Function Requirements Design Requirements

SNF Basket Prevent Neutron multiplication Proven and reliable material,
(Criticality criticality by factor (Keel) • 0.95 for fabrication and inspection
Control) providing period of waste isolation technology

neutron
absorption Areal density for criticality

control material (boron) should range
between 0.124 and 0.154 g/cm2

(TBV)

SNF Basket Maintain Maintain microstructural Proven and reliable material,
(Structural) structural stability (i.e., no phase fabrication and inspection technology

integrity transformation) for
period of waste isolation Reduce residual stress to a

reasonably low level

Minimize strength reduction due to
microstructural instability

Provide Proven and reliable material,
structural fabrication and inspection technology
separation of
SNF
assemblies

Enhance heat Maintain SF integrity Temperature of cladding •3500C
transfer (TBV) after closure

*Temperature Ž 96 C; Low relative humidity; other environmental variables as anticipated
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Table 6.5.2-6. Postclosure Functions, and Performance and Design Requirements of
Spent Nuclear Fuel (SNF) Baskets in Wet Environments*

l T | Performance l
Component | Function | Requirements Design Requirements

SNF Basket Prevent Neutron multiplication Proven and reliable material,
(Criticality criticality by (Keff) < 0.95 for period fabrication and inspection
Control) providing of waste isolation technology

neutron
absorption Areal density for criticality control

material (boron) should range
between 0.124 and 0.154 g/cm2

(TBV)

Limit chemical degradation of
criticality control material to 10%
(TBV) loss of boron over a period of
waste isolation

Limit neutronic degradation of
criticality control material to 10%
(TBV) loss of boron over a period of
waste isolation

SNF Basket Maintain Maintain microstructural Proven and reliable material,
(Structural) structural stability (i.e., no phase fabrication and inspection technology

integrity transformation) for
period of waste isolation Reduce residual stress to a

reasonably low level

Enhance heat Maintain SF integrity Temperature of cladding <3500C
transfer after closure

*Temperature < 96 C; Aqueous environments with variables as anticipated
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Table 6.5.2-7. Preclosure Functions, and Performance and Design Requirements of
Metallic Containment Barrier(s)

_ Performance l __

Component Function Requirements | Design Requirements

Containment Contain RNs Release rate of RNs < 1 Proven and reliable material,
Barrier(s) part in 105 of inventory fabrication, closure and inspection

after 1,000 years technology

Maintain Capability of preventing
structural plastic deformation due to
stability design basis drop of 2 meters

Capability of preventing plastic
deformation due to rock fall of 2,000
kg (TBV)

Protect Maximum radiation
workers dose of 100

millirems/year (TBV)
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There are several specific subtopics within each of the seven topical areas, each of which
receives a share of the topical area weighting. At this level, the criteria are material
independent, and are equally applicable to any candidate container material. The selection
criteria topical areas, subtopics, and weighting factors are shown in Table 6.5.2-8.

Table 6.5.2-8. Selection Criteria and Weighting Factors (WF)

Performance-Related Factors:

* Chemical Performance (WF - 35)

* Resistance to general corrosion (oxidation and aqueous corrosion), WF - 10
* Resistance to localized corrosion (pitting and crevice), WF - 9
* Resistance to environmentally-assisted cracking (stress corrosion cracking and

hydrogen embrittlement), WF - 10
* Resistance to microbiologically-influenced corrosion,* WF - 6

* Mechanical Performance" (WF - 14)

* Strength, WF - 6
* Toughness, WF - 6
* Phase stability, WF - 2

* Predictability of Performance (WE - 16)

* Existence of predictive methods to explain and predict degradation phenomena
and to extrapolate existing performance data to repository time scales and
conditions, or ability to develop such methods, WF - 4

* Existence of long-term performance data, WF - 4
* Ability to generate required data, WF - 4
* Relative licensability, WE - 4

* Compatibility with other Materials (WF - 10)

* Interactions among materials of different components, WF - 5
* Interactions with waste form, WF - 5

Engineering-Related Factors:

* Fabricability (WF - 20)

* Fabricability of container body, WF - 5
* Ability to close and seal the container, WF - 5
* Inspectability of closure, WF - 5
* Postclosure damage tolerance, WE - 5

BOOOOOOO-01717-5705-00015 Rev. 00 6-80 08/29194



Table 6.5.2-8. Selection Criteria and WFs (Continued)

* Previous Experience with the Material (WF - 5)

* Previous engineering experience with the material, WF - 2
* Previous engineering standards for the material, WF - 2
* Strategic availability of material, WF -1

*Applies to outer containment barrier
**Applies to inner and outer containment barriers, and basket structural material

As indicated earlier, engineering judgment will be used to identify materials that have the
desired properties and generally favorable attributes relative to the selection criteria. A
quantitative rating will be given to each candidate material for each selection criterion.
This rating will be based on available test data, the degradation mode surveys, and other
relevant information/data in both performance-related and engineering-related categories.
The weighting factor for each criterion will be multiplied by these ratings, and the results
summed for each material to establish an overall material rating. These ratings will then be
used to rank the candidate materials for each component. A reference and an alternate
material will be selected for each component and peer reviewed, followed by their
confirmatory testing.

6.5.3 Container Materials Recommended for Testing

The evaluation of performance parameters of candidate materials in the anticipated repository
environments will lead to the generation of data needed in developing performance predictive
models. However, a test plan encompassing a large number of candidate materials from
families of corrosion allowance and corrosion resistant metals will be both time-consuming
and costly. In view of this drawback, a workshop was recently organized by Lawrence
Livermore National Laboratory (LLNL) to develop a plausible test program by incorporating
a few materials possessing the desired combination of attributes and properties. While the
location for the mined geologic disposal system is expected to be in an unsaturated zone, the
precise environments surrounding the waste packages inside the potential repository are not
yet known. In view of this uncertainty, it was decided that two scenarios, namely a dry
environment for at least the period of substantially complete containment (SCC), and an
aggressive (wet) environment need to be considered in designing the test matrices.

Based on a degradation modes survey conducted earlier by LLNL during the conceptual
design phase, Alloy 825 was found to possess the best combination of metallurgical and
corrosion properties. However, the conceptual design used for the survey had a single metal
containment barrier, significantly different from the multibarrier concepts currently being
considered. The consensus reached at the workshop was that Alloy 825 should be the primary
material for a corrosion-resistant inner barrier of a multibarrier waste package emplaced in a
horizontal drift under both extended dry and wet environmental conditions. With respect to
the outer containment barrier, A 516, a plain carbon steel, was selected as the most logical
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material to sustain environment-induced degradations. While A 516 is expected to undergo
oxidation in an air/steam environment, it will be susceptible to aqueous general corrosion and
microbiologically-influenced corrosion (MIC) when exposed to a wet environment. In view of
this, a third corrosion-resistant metal barrier, preferably made of a suitable nickel-based alloy
such as Alloy 400 was also included. The overall list of materials recommended for testing is
presented in Table 6.5.3-1. Alternate corrosion-resistant, and corrosion-allowance materials
were also identified for inclusion in the planned test program. Primary and alternate materials
recommended for testing are summarized in Tables 6.5.3-2 and 6.5.3-3, respectively.

Materials selection is the responsibility of the M&O working with the waste package and
repository design teams, and other elements of the waste management system. The testing of
materials will be performed by LLNL.

Table 6.5.3-1. Materials Recommended for Testing

Component Commercial Designation

Outer Containment Barrier A 516 (Wrought Carbon Steel)
A 426 (Cast Carbon Steel)
2-1/4 Cr - I Mo (Low Alloy Steel)
C71500 (70/30 Cu - Ni Alloy)
Alloy 400 (70/30 Ni - Cu Alloy)

Inner Containment Barrier Alloy 825 (Ni - Base Alloy)
Alloy 825 with Higher Mo
Alloy C - 4 (Ni - Base High Mo Alloy)
Alloy C - 22 (C - 4 with Higher Cr)
Ti Grade 12 (Ti Alloy with Mo and Ni)
Ti Grade 16 (Ti Alloy with Pd)

Other Containment Barrier A1203 (Nonmetallic Material)
TiO2 (Nonmetallic Material)

Table 6.5.3-2. Primary Materials Recommended for Testing

_ _ _ _I Wet Environment I Dry Environment

Inner Metal Alloy 825 Alloy 825

OuterMetal A 516 A 516

Other Metal Alloy 400 None
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Table 6.5.3-3. Alternate Materials Recommended for Testing

_______________________I Wet Environment [ Dry Environment

Inner Metal Alloy C - 22 Alloy C - 22

Outer Metal 2-1/4 Cr - I Mo 2-1/4 Cr - 1 Mo

Other Metal C71500 None

Other Nonmetal A1203 None
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6.6 WASTE PACKAGE AND MPC THERMAL EVALUATIONS

As a part of an engineered barrier system for the containment of radionuclides, the WP must
be shown to comply with all regulations and requirements that govern the conditions of the
emplaced SNF and the near-field rock at the repository horizon. Temperature profiles in the
WP and near-field host rock are key to radionuclide containment, as they directly affect
oxidation rates of the metal barriers and the ability of the rock to impede particle movement.
Postclosure release rates are regulated by 10 CFR 60, 10 CFR 960, and 40 CFR 191.

Maximum temperature allowables are based on material performance criteria and are specified
as design goals for WP/EBS design. Canistered DHLW, which is borosilicate glass sealed
inside an austenitic stainless steel canister, has a maximum temperature limit of 400'C to
ensure that the glass does not heat above its transition temperature. For SNF, the Commercial
Spent Fuel Management Program (Johnson, 1983) at Pacific Northwest Laboratory (PNL)
recommended a 380'C temperature limit for the cladding to prevent creep rupture failure. A
more conservative value of 350'C has been selected to account for uncertainties in source
characteristics as well as heat transfer calculations. To limit the predicted thermal and
thermo-mechanical response of the host rock and surrounding strata, maximum temperatures
of 200'C for TSw2 (I meter into the rock for borehole) and 15YC in the TSw3 (vitrophyre
tuff) layer have been specified. Specific characteristics and requirements for the engineered
barrier system are listed in the Yucca Mountain Site Characterization Project Engineered
Barrier Design Requirements Document (YMP 1993a).

6.6.1 Basis for Parametric Evaluation

The effect of thermal loading on each repository component has been studied throughout the
project's history. A complete understanding of the thermal behavior of proposed WP
concepts takes on a much greater importance than simply providing traditional design criteria
for the thermal loading limits. The thermal environment associated with a given WP concept
depends upon a number of variables. The WP/EBS works as a unit with the balance of the
repository and the effect of the thermal loading cannot be understood without first reviewing
the repository thermal behavior.

The thermal behavior of the WP/EBS depends on a variety of factors. For the host rock, the
primary factor is the thermal loading of the repository. The spacing of the emplacement drifts
and individual WPs determines the areal mass loading (AML in MTU/acre or kg/mi2) and the
areal power density (APD in kW/acre). These two parameters are related by the amount of
heat each assembly generates at a given time (kW/assembly) and the amount of uranium
contained in the assembly (MTU/assembly). While the AML remains constant after
emplacement, the APD will decay as the emplaced SNF ages. The initial heat produced in a
spent fuel assembly comes from the decay of fission products and is determined by the
assembly's burnup (how much of the fissile material was utilized in the reactor). Heat
production will decay logarithmically from the time the assembly is removed from the reactor
as fission products stabilize. For example, an assumed average assembly with a burnup of
42 GWd/MTU and aged 22 years will produce 487 watts. After 40 years, the heat production
is half its initial value, and by 120 years only one quarter of the heat remains. The heat
produced by a spent fuel assembly will also be determined by the initial amount of uranium
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present in the fresh assembly. The average SNF assembly has 0.428 metric ton of uranium
(MTU) per assembly; however, 0.461 provides conservatism for WP design.

For a given thermal load, AML or APD, there are many possible drift spacing/WP spacing
combinations that trade off cost, operational, and thermal considerations. These relationships
are not always intuitively obvious. The diameter of the emplacement drift will also affect
WP/EBS temperatures. A larger drift will provide a greater surface area to which the loaded
WP can radiate its heat thus reducing localized temperatures. The size and shape of the drift
will largely be determined by the emplacement mode, which has not yet been established.

The above considerations will determine the environment to which an individual WP will
transmit its heat. To design within maximum internal temperature goals, an understanding of
the factors determining internal thermal behavior must also be achieved. For the WP, internal
temperature profiles will be determined by the number of assemblies per WP, age of the SNF,
initial enrichment and burnup, material of construction, and design configuration. Large
capacity (number of assemblies) WPs will experience higher internal temperatures than small
capacity packages. Individual SNF characteristics vary greatly and while the repository can
be assumed to be loaded with SNF of average characteristics, any given WP may be loaded
with much younger and hotter SNF. Thus, a design basis SNF for WP design is different
from the average SNF characteristics assumed for repository design. That is, while all the
WPs (hot and cold) will collectively influence repository temperatures (average SNF
characteristics), every WP must meet the thermal goals (design basis SNF characteristics).

Repository requirements for materials are based on long-term corrosion resistance and
structural integrity to maintain the container barrier and criticality control. Typically,
corrosion resistant materials have lower conductivities than standard materials of construction
and their use will result in higher internal temperatures. The physical configuration of the
spent fuel basket will also affect WP thermal response. Basket designs that incorporate
burnup credit to meet criticality requirements typically place the assemblies closer together
and have less internal structure than a basket that utilizes flux traps to control criticality. Flux
trap designs typically place gaps between the assemblies which may thermally insulate the
assemblies and result in higher internal temperatures.

6.6.2 Matrix for Parametric Evaluation

An understanding of the effects of thermal loading on long-term thermal performance of the
repository as well as the tradeoffs in WP design is necessary for evaluating potential WP
concepts. Parametric evaluations will provide a data base of WP/EBS thermal responses.
From this data base, thermal trending can be identified and applied to all the design concepts.
Dominant parameters and limiting scenarios can also be determined for use in future analyses.
For example, an assumption that the internal fill gas in the WP is air and not the helium that
may be injected at WP closure would be a limiting or worst case scenario because air is
inferior to helium for heat conduction and will cause higher internal temperatures.

Thermal loading of the repository is the key factor for WP thermal evaluations as the near-
field temperatures are the environment for the disposal device. While thermal loading
decisions have not been made, the problem can be approached parametrically as in Figure
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6.6.2-1. The thermal loading basically relates to the heat output per WP and a combination of
drift spacing and WP spacing. The thermal impact of WP spacing versus drift spacing is
discussed in later sections; however, reasonable limits can be placed on these parameters. As
shown in Figure 6.6.2-1, WP spacings less than 12 meters are considered too small for
operational and thermal reasons discussed later, and WP spacings greater than the drift
spacing are considered impractical. These limits define a band of emplacement configurations
that are considered possible. The options can be further reduced based on the results of the
1993 Thermal Loading Systems Study such that two areas of configurations are identified that
are considered desirable. It is the purpose of the evaluations in Section 6.6 to investigate the
impact of each of the identified parameters on the WP conceptual designs.

The matrix of evaluations underway attempts to address all the factors which influence
WP/EBS thermal behavior. At the same time, the analyses have also served as inputs to
system studies and multi-purpose canister evaluations. A decision on thermal loading for the
repository has not been made so several possible scenarios were considered. APDs of 114,
100, 95, 85, 80, 57, 35, 27, and 20 kW/acre were each represented as well as drift diameters
of 8.2(27), 7.6(25), 5.5(18), 4.6(15), 4.3(14), 3.7(12), 3.4(11), 3.0(10), and 2.4(8) meters(feet)
with borehole emplacement too. WP capacities of 21, 16, 12, 4, and 2 PWRs (pressurized
water reactor assemblies) were chosen for their optimal packing efficiencies, and basket
arrangements of both flux trap and burnup credit were considered.

With the advent of the "key assumptions" the thermal loads that will be further evaluated have
been narrowed. Spent fuel characteristics significantly affect internal temperatures so the
choice of a design basis SNF for WP design is of key importance. Parametric analyses
included spent fuel with ages of 10, 20, 22, 30, and 60 years with burnups of 33, 40, 42, and
45 GWd/MTU. Thirty year old SNF with 33 GWd/MTU burnup represents historic average
SNF characteristics while 22 year old SNF with 42 GWd/MTU burnup is a more recent
estimate of the average. Differential loading of dissimilar assemblies has also been
investigated for a variety of patterns.

As the evaluations have progressed, WP design has improved the quality of the analysis
software as well as refined the models, increased their complexity, and the thermal regions of
interest have been narrowed. As part of the evaluation matrix, scoping one-dimensional
analyses were performed with more detailed two-dimensional models investigating where
needed. To further explore relationships that cannot be satisfactorily modeled in 2-D, three-
dimensional models have also been developed. Both steady state and transient conditions
have been evaluated to determine the extent of time dependence and the occurrence of peak
temperature conditions.
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The following sections describe the thermal analysis models in the order that they were
developed. Six different models were employed to estimate WP and repository temperatures:

I-D Radial Transient WP/EBS
2-D Steady-State WPIEBS
2-D Transient Repository/EBS
2-D Transient MPC/WP/EBS
2-D Steady State SNF Assembly
3-D Transient Repository/EBS

The current status of WP thermal evaluations involves a three model approach to determine
the time-dependent WP thermal behavior. As depicted in Figure 6.6.2-2, a 3-dimensional
transient finite element model of the WP emplacement provides the WP surface temperature
history for use as a boundary condition in a detailed WP model. Resulting SNF basket wall
temperature predictions from the WP model are then translated to a third model which
determines the peak SNF cladding temperature. While the software and models used here are
currently being verified and validated, all analytical results presented in Section 6.6 represent
ACD WP design configurations and are yet to be verified (TBV). Any notation of TBV is
omitted since the TBV qualification applies universally to the contents of this section.

6.6.3 1-D Radial Transient Waste Package/EBS

Prior to acquisition of the Hewlett-Packard workstations in late 1992, several analyses were
performed on a PC (personal computer) using a finite difference solution to the heat diffusion
equation in cylindrical coordinates. The purpose of these analyses was to determine the initial
transient behavior of a newly drift-emplaced WP. In the first set of evaluations, a 21 PWR
WP with homogenous properties and varying spent fuel characteristics was assumed emplaced
in drifts with diameters of 8.2(27), 4.6(15), 3.0(10), and 2.4(8) meters(feet). The second set
evaluated 21, 16, 12, 4, and 2 PWR capacity WPs emplaced in drifts with diameters 5.5(18),
3.7(12), and 3.0(10) meters(feet). The parameters for the second set were determined by
system studies and the results formed part of the WP input to systems studies in 1993.
Borehole-emplaced 12, 4, and 2 PWR WPs were also analyzed including the SCP-CDR (YMP
1991b) for comparison.

The first set of evaluations assumed a 21 PWR capacity WP. A burnup credit 21 PWR basket
with a 35 mm inner corrosion resistant barrier of Alloy 825 and 115 mm
outer corrosion allowance barrier of mild steel would have an estimated diameter (Dr. 1,) of
1.79 m and a length of 4.912 m. Assuming that heat will conduct through the WP
much faster than it will though the surrounding rock, a lumped capacitance method can be
applied with homogeneous properties to the WP. Also, assuming that the WPs are spaced
close together and are concentric with the drift, axial and circumferential variations in
temperature can be neglected and the problem is one-dimensional in the radial direction.
Homogeneous properties for the WP were assumed as follows: (White and Altenhofen, 1989)
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Thermal Conductivity (k.e) = 45.32 W/m.K
Specific Heat (c.) = 325 J/kg-K
Density (pp) = 2535 kg/M3

Emissivity (cp) = 0.80

Properties for the surrounding rock (Topopah Spring Member TSw2) were assumed to be
temperature independent (Ryder, 1993):

Thermal Conductivity (krok) = 2.10 W/m.K
Heat Capacitance (pcmok) = 2.18 J/cm3.K
Emissivity (emck) = 0.85

A conservative estimate of heat production would assume that the heat is generated only along
the active length (Lwp) of the assembly which for a typical assembly (Westinghouse 14 x 14)
is 3.586 m. The linear heat generation rate (Qgn) for a 21 PWR capacity package would then
be calculated as:

Q n= 21 x(watts/PWR)

at ~L7

(Equation 6.6.3-1)

The heat produced by a spent fuel assembly is a function of its age and burnup. For the one-
dimensional transient analyses, the following heat loads were interpolated from the Oak Ridge
database of spent nuclear fuel characteristics, as shown in Table 6.6.3-1, using a technically
verified but not quality assurance validated computer interpolation code:

Table 6.6.3-1. Assembly Heat Loads

I Burnup I 10 years old | 30 years old J 60 years old

33 GWd/MTU 525 W/PWR 333 W/PWR 210 W/PWR

45 GWd/MTU 778 W/PWR _ __

27.5 GWd/MTU 167 W/BWR 110 W/BWR 70 W/BWR

Prior to emplacement, the WP is assumed to be at thermal equilibrium with an environment at
30°C (Tenv). The initial temperature is a function of this temperature and the thermal output
in kW determined by the age and burnup of the spent fuel. With radiation as the only heat
transfer mode, the initial temperature can be solved from the following equation where a is
the Stefan-Boltzmann constant (Incropera and DeWitt, 1985):

Quit =QWd=oxD..pfwp(T 4( t 6..-)

(Equation 6.6.3-2)
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The rock is given an initial temperature of 25 C and heat loads are applied at time=O.
Applying the lumped capacitance method, the time dependent equation governing the
temperature of the WP would be (Incropera and DeWitt, 1985):

QgeJQco&svQrad=tDw 2 Pp aTp

(Equation 6.6.3-3)

where Qrad is the heat transferred from the WP surface to the drift wall surface by radiation
and QcOnv is the heat transferred by natural convection in air to the drift wall. The radiation
component will dominate and will introduce significant nonlinearities into the system forcing
an iterative solution. The two equations governing these heat transfer processes are (Incropera
and DeWitt, 1985):

Q. anD (T. -~T40,,)

1 + leut Dwp
W, erck Drck

(Equation 6.6.3-4)

and:

QC.V= D eff (Twp-T k)
In( D

(Equation 6.6.3-5)

where keff is the stationary effective thermal conductivity of a moving fluid given by:

eff=0.3 86 ( Pr )4j 4i
k 0.861 +Pr

(Equation 6.6.3-6)
and:

[In( -rok)j4 g f(TfP-lT"CI (Dvck-Dm)
Rac= DW 2

Rae= UP ~~3 3 x- v
2(Drck-Dw)(DwP' +Drs

(Equation 6.6.3-7)

and k, Pr, A, a, and v are properties of air evaluated at the average air temperature and g is
the acceleration due to gravity.
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Transient radial conduction into the rock wall requires solution of the heat diffusion equation
in cylindrical coordinates (Incropera and DeWitt, 1985).

1 a aT i a aT a AT . aT
-*(a ; ))+-2 -(k-) +-(k-)+4=pcp-r or c& r2& iazaz

(Equation 6.6.3-8)

Neglecting axial and circumferential effects, the explicit time and spatial discretization of the
heat diffusion equation would be:

Ti-,+=a A 2(- A )Tf +0 -2a A)Tij+a At(I+ Ar)T,.
Ar 2 2r Ar 2~ Ar 2 2r

(Equation 6.6.3-9)

where T is the temperature in the rock at radial distance r and time t, and X = (k k/pc Ck).
Combining the lumped capacitance method for the WP, radial heat diffusion for the rock, and
the radiation and convection connections between them, the system can be solved iteratively
for the time/temperature history of the newly emplaced WP.

The one-dimensional analysis is only valid as long as the assumptions of insignificant axial
and circumferential effects are valid. For drift emplacement, early package to package
interactions support neglecting axial effects; however, drift to drift interactions, when they
occur, will introduce error. It was decided to extend the model only 5 meters into the rock
around the drift (or borehole). With the large drift emplaced WPs, the heat conduction front
in the rock will reach the 5 meter point in about seven weeks, thus the model was terminated
at that time. Temperatures will increase monotonically from emplacement and the peak will
not occur until well after the seven week model time. Determination of time to peak
temperature will be performed by larger more detailed models discussed later.

The first set of evaluations used PWR assemblies with a burnup of 33 GWd/MTU and ages of
10, 30, and 60 years. The purpose was to investigate the effect of varying the drift diameter
on the initial thermal transients. A 21 PWR drift emplaced WP was assumed for these cases.
For larger drift diameters (greater than 4.6m), waste package surface temperatures reached
over 100IC in six weeks. However, for the 2.4m (8 ft.) drift, surface temperatures climbed
above 2000C. Near-field temperatures are greatly affected by the diameter of the drift such
that WP temperatures may be too hot for small drifts even though average temperatures at the
repository horizon are acceptable. The package temperatures are driven by how fast the heat
can conduct away through the rock, thus peak temperatures will be a function of drift
diameter (i.e., the size of the radiation heat sink area).

This one-dimensional analysis is independent of repository thermal loading and therefore
cannot be extrapolated to later time periods. However the analysis does demonstrate the
immediate coupling of the WP surface temperature to the drift walls and the dominance of
radiation as a heat transfer mechanism in this configuration with high temperatures.
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The second set of evaluations using the one-dimensional radial transient model investigated
the effects of varying the WP capacity (number of PWRs) as well as drift diameter. Drift and
borehole emplacement schemes were both considered. Drift diameters of 5.5(18), 3.7(12) and
3.0(10) meters(feet) were selected by the Las Vegas Systems group and WP capacities of 21,
16, 12, 4, and 2 PWRs represent optimum packing efficiencies for basket design. In all the
cases, spent fuel characteristics of 10 years aged and 45 GWd/MTU burnup were assumed,
except for the SCP-CDR comparison case where reference burnups of 33 and 27.5 GWd/MTU
were assumed for PWRs and BWRs respectively. Again, the WP starts at equilibrium with an
environment at 30'C with ambient rock temperature assumed to be 25tC.

Table 6.6.3-2 summarizes the WP/EBS temperature results at initial conditions, one week, and
six weeks post emplacement for each capacity WP. The maximum allowable cladding
temperature for SNF is 350'C. Clearly, in any case where the WP surface temperature
approaches this value, the cladding temperature will exceed the limit. No attempt to estimate
cladding temperatures was included in the I-D model.

In both sets of evaluations, the results indicate that the local temperatures at initial
emplacement quickly reach temperatures above boiling (96'C at Yucca Mountain) regardless
of the thermal loading. All borehole packages exceeded boiling temperatures and only the
2 PWR WP was below boiling in drift emplacement. However, it is unlikely that the 2 PWR
package would be drift emplaced in such large diameter tunnels so it appears that local above
boiling temperatures are unavoidable for such young and hot SNF characteristics and the
assumption of radial heat conduction.

It should be noted that the one-dimensional model conservatively over-predicts the WP
temperatures by forcing the heat to travel only radially outward. The model attempts to
estimate the mid-length package temperatures where axial effects are minimized, but in reality
axial conduction will occur and moderate temperatures. Also, the air is assumed to transfer
heat by natural convection only. A scheme where air is forced through the emplacement drift
for cooling may lower WP and drift wall temperatures during the pre-backfill period.
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Table 6.6.3-2, I-D Waste Package Temperatures
(Deg. C), 10 year old SNF

Drift Dia. WP Surf. Drift Wall WP Surf. Drift Wall WP Surf. Drift Wall
Initial Initial I Week I Week 6 Weeks 6 Weeks

21 PWRs

18 ft 129 25 176 124 266 236

12 ft 129 25 208 166 334 313

loft 129 25 226 188 371 353

16 PWRs

18 ft 116 25 150 102 218 186

12 ft 116 25 175 133 256 231

loft 116 25 189 150 297 276

12 PWRs

18 ft 107 25 129 83 181 146

12 ft 107 25 149 107 218 191

loft 107 25 160 120 239 214

Borehole 107 25 215 186 336 321

4 PWRs

18 ft 73 25 73 45 92 66

12 ft 73 25 81 53 105 81

10 ft 73 25 86 57 112 88

Borehole 73 25 120 95 164 145

2 PWRs

18 ft 57 25 53 35 63 45

12 ft 57 25 58 39 70 53

10 ft 57 25 60 41 74 57

Borehole 57 25 83 64 107 91

SCP-CDR 75 25 115 85 152 129
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6.6.4 2-D Steady-State Waste Package/EBS

The one-dimensional model described above smears WP properties and temperatures, and
offers no estimate of internal peak temperatures. Peak cladding temperatures are a key design
parameter when evaluating large capacity WPs which can, depending on the specific design,
have significant temperature drops from centerline to surface. With the addition of a Hewlett-
Packard workstation, it became possible to develop detailed finite element models of WP
internals to determine the dominant parameters in basket design.

Prior to evaluating the internal thermal gradients of the WP, a review of the external
temperature profile is required. An external time-dependent thermal analysis will provide the
thermal boundary conditions to be applied to a detailed model of WP internals. Two
repository thermal models provided input to the detailed WP model described here. Lawrence
Livermore National Laboratory (LLNL) studied repository thermal load response with the
TOPAZ (Ruffner, et al., 1993) three-dimensional finite element solver, and Sandia National
Laboratories (SNL) evaluated thermal loads with the COYOTE (SNL, 1993e) two-
dimensional solver. Calculated drift wall temperatures were then applied as boundary
conditions to a detailed drift emplaced 21 PWR multibarrier WP model.

The LLNL model, developed in a unit length concept, consisted of two one-half in-drift WPs
and one full length in-drift WP, spaced at 5.5 meters (18 feet) center-to-center. Building the
model in this manner provided versatility with respect to modifying the heat output of the
WPs and varying the WP spacing. For the internal WP thermal analysis, a drift-to-drift
spacing of 25.9 meters (85 feet) and a WP spacing of 11.0 meters (36 feet) center-to-center
were chosen. The time-dependent heat loads were generated using the Oak Ridge National
Laboratory data for PWR spent nuclear fuel aged 30 years with 33 GWd/MTU burnup. With
these spacings and heat loads, the areal mass loading was 143 MTU/acre and the areal power
density was 102 kW/acre (Ruffner, et al., 1993).

The SNL model consisted of a two-dimensional profile of a drift emplaced WP with reflective
(adiabatic) boundary conditions on the sides and fixed temperatures at the ground surface and
water table (SNL, 1993e). The drift diameter was 7.9 m (26 ft) with a 1.8 m (6 ft) invert
floor and the drift-to-drift spacing was set to 30.5 m based on a 26 percent extraction ratio.
Different areal power densities are achieved by varying the WP spacing which is represented
in this model by a decreased heat load in the 2-D WP. Rock properties and heat loads were
taken from the RIB (YMP 1994a).

For the internal WP temperature analysis, the following scenarios, as shown in Table 6.6.4-1,
were evaluated for a 21 PWR WP with the COYOTE code (SNL, 1993e):
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Table 6.6.4-1. Evaluation Scenarios

Areal Power Density | SNF Age SNF Burnup

100 kW/acre 30 years 33 GWd/MTU

80 kW/acre 30 years ..

57 kW/acre 30 years to

100 kW/acre 10 years 40 GWd/MTU

30 years

60 years .

______________ 10 years 45 GWd/MTU

H 30 years

60 years

Recent interest has turned to the large multibarrier robust WP with multiple PWR assembly
capacity over the low capacity thin walled SCP-CDR (SNL 1987a) design. A conceptual
design of the 21 PWR WP was developed in early fiscal year (FY) 1993 that included a
35 mm inner barrier of Alloy 825 (the corrosion resistant layer) and a 115. mm outer barrier
of carbon steel (the corrosion allowance layer). The internal basket structure consisted of an
egg-crate design constructed of a 10 mm thick boron stainless steel layer clad with 10 mm
stainless 316L. The basket forms a lattice that structurally holds the assemblies in place,
maintains criticality control, and provides a conduction path to remove heat from the WP.
Figure 6.6.4-1 provides a not-to-scale sketch of the conceptual 21 PWR WP configuration.
The 21 PWR multibarrier WP concept is similar to the large burnup credit MPC conceptual
design with disposal container developed later in FY 1993.

A two-dimensional finite element model was developed for the drift emplaced 21 PWR WP
using the commercially available SDRC I-DEAS VI.i design software. The detailed mesh
explicitly models all layers of the basket structure and gaps between the assemblies and layers
of containment. A one-half model of the WP was used to incorporate effects due to eccentric
placement of the package in the drift. The outer diameter of the WP was assumed to be
1.79 m (70.6 in), the drift diameter to be 8.2 m (27 feet), and the invert floor to be 1.8 m
(6 feet) of packed crushed tuff. The following temperature independent material
conductivities evaluated at 500K were also assumed for this analysis:

Boron Stainless Steel (assume 316L):
316L Stainless Steel (Incropera & DeWitt 1993):
Alloy 825 (LLNL, 1991a):
Carbon Steel (Ruffner, et al., 1993):
Invert Backfill Floor (SNL, 1993e):

k = 16.75 W/miK
k = 16.75 W/m.K
k = 14.45 W/mnK
k = 52.35 W/meK
k = 0.650 W/m-K
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The rods and spacers that make up a spent nuclear fuel assembly were not explicitly modelled
here. Instead, smeared properties for a homogeneous assembly were assumed that will
estimate the radiation and gaseous transport of heat from the assembly rods to the basket
structure. Some work to this effect has been done for consolidated assemblies; however,
information is sketchy for intact assemblies. For comparison, a consolidated assembly may
have a smeared conductivity of 0.232 W/m'K (LLNL 1991a) and benchmark tests for intact
assemblies have reported 0.098 W/m.K (Childs and Bryan, 1986). An attempt made to
calculate an effective medium conductivity using debris bed conductivity correlations (Cook
and Peckover, 1982) resulted in an estimated conductivity of 0.127 W/m-K for the SNF
assembly. In past analyses of spent fuel transportation casks, (BWFC, 1991), no conductivity
is assumed for the SNF assembly and a correlation such as Wooton-Epstein is employed to
estimate peak cladding temperatures conservatively. It is noted here that the issue of
estimating peak cladding temperatures is still in question and will be a source of error in the
analysis results. Model development in this area is in progress and is discussed in Section
6.6.9.

The finite element solver included in the SDRC engineering software does not model radiation
heat transfer explicitly (few do), and radiation has been shown to play a dominant role in WP
emplacement (SNL, 1981). To model radiation with the SDRC solver, an effective medium is
placed in the volume through which the radiation travels and an effective conductivity is
calculated for that volume that will approximate the heat that would have been transported by
radiation. For parallel flat plates, the formula for effective conductivity in radiation
dominated spaces is (SNL, 1982):

e lLo4T3

keff e
1+( 2)(1 -£2)

62

(Equation 6.6.4-1)

where el and C2 are emissivities, L is the distance between the plates, a is the Stefan-
Boltzmann constant, and T is the average temperature of the two plates. In cylindrical
coordinates, the effective conductivity for the gap between concentric cylinders is:

r 3
cpron(-')4T3

(Equation 6.6.4-2)

where ri and r. are the radii of the inner and outer cylinders respectively.
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Using the effective radiation correlations, the following conductivities were calculated for the
spaces in the model:

Gap around SNF assembly: CZfrcroy = 0.859 (M&O, 1992)

keff = 0.093 W/m.K 5316L = 0.60 (Mars 1958)

Empty spaces in basket: 6316L = 0.60
key= 1.007 W/m'K E825 = 0.80 (LLNL, 1991a)

Gap between inner and outer barrier: g825 = 0.80
keff = 0.132 W/mrK = 0.97 (Lindeblf.8h Ed.)

Open air in drift around WP: ste = 0.97
key = 35.27 W/mrK Crok = 0.85 (SNL. 1993c)

Since the conductivities of the WP components are much higher than those of the surrounding
rock, the WP could be assumed to be in quasi-equilibrium with the host rock at any time after
the initial transient. This assumption of quasi-equilibrium allows the detailed WP model to be
solved in steady-state given the current status of the boundary conditions. The other time
dependent parameter is the heat load in the WP that is decaying logarithmically. For this
analysis the heat loads were interpolated from the Oak Ridge database of spent nuclear fuel
characteristics, converted to volumetric form, multiplied by an axial peaking factor of 1.15,
and applied to the homogenized assembly area. Figure 6.6.4-2 describes the decay curve of
SNF heat production as a function of age for the three burnups considered in this analysis.
The boundary conditions (i.e., the temperatures around the drift wall) are changing with time
and the heat load in the WP is decreasing with time. Applying both of these effects to the
model provides a time-temperature history of the emplaced WP.

Two cases were run with the LLNL drift temperature histories. The first used the boron
stainless criticality control material described above, and the second used Boral for the
criticality control material, which has a significantly higher thermal conductivity (150 W/m-K)
and will result in lower internal temperatures. Figure 6.6.4-3 compares the two criticality
control materials from 10 years post emplacement to 143 years post emplacement. In Figure
6.6.4-3, the peak temperature inside the WP is lower for the Boral basket, as was expected,
but the peak also occurred at a later time. This is due to the interactions of the three
processes that determine the time of peak internal temperatures. The first is the thermal
response of the repository horizon which provides the boundary conditions for the WP. The
second is the time-dependent heat load applied to the WP that is a function of the SNF
characteristics. The third is the thermal resistance across the basket and barriers that is
determined by the design and materials of construction. The interactions of these three effects
can be described as follows.
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The peak temperature of the repository is determined by the integrated heat load from the
emplaced SNF over its life. For a given AML in metric tons of uranium per acre, the long-
term temperature profile the repository experiences is similar regardless of the age of SNF at
emplacement. This does not hold for a given APD in kilowatts per acre where the physical
amount of SNF per acre is not constant for varying SNF ages. The relationship between
AML and APD was described in Section 6.6.1. The result is that for a given AML, aging the
SNF or cooling the emplacement drifts will have little or no effect on the long-term thermal
response of the repository. For the conditions assumed in the LLNL analysis, the peak
temperature at the drift wall is about 160'C and occurs at 143 years.

As seen in Figure 6.6.4-2, the WP heat load decreases with time. For a given WP design and
materials, a temperature drop (AT) from center to edge can be calculated that decreases
exponentially with time. Adding this decreasing AT to the increasing boundary condition will
give a peak WP temperature somewhere between the time of emplacement and the repository
peak time. If, in contrast, we assume that the WP heat load does not change with time, the
WP would peak when the repository does, or if we assume that the repository temperature is
constant, the WP would peak at initial emplacement. Figure 6.6.4-3 indicates that the WP
peak is 255'C at 10 years post-emplacement for the boron stainless, and 209'C at 30 years for
the Boral. Increasing the conductivity of the basket lowered the AT and shifted the peak time
toward the time of repository peak, which in this case is 143 years.

Ten cases were run using drift wall temperatures from the SNL COYOTE analyses. Steady-
state quasi-equilibrium solutions for each scenario were obtained at 0, 1, 5, 10, 30, 50, 75,
100, 500, and 1000 years post-emplacement. All but two cases were at the same APD of
100 kW/acre and SNF ages were assumed to be 10, 30, and 60 years such that each case had
a different AML and therefore a different repository thermal history. For example, with
60 year old SNF, the WPs must be spaced closer together than hotter 10 year old SNF
packages to achieve the same 100 kW/acre APD. The result is that the 60 year old SNF is
emplaced at a higher AML than 10 year old SNF to get the same APD and will result in
higher long-term repository temperatures.

Table 6.6.4-2 summarizes the peak temperature results from the 2-D WP model with the SNL
drift wall boundary conditions. Temperatures listed here for the drift wall, are taken directly
from the COYOTE output (SNL, 1993e).
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Table 6.6.4-2. Multibarrier WP Temperatures

APD SNF Age SNF Burnup Drift Wall WP Surface Max Fuel
(kW/acre) (years) (MWWd/MTU) Peak/Time Peak/Time Peak/Time

100 30 33,000 1700C 186 0C 3200C
75 years 50 years 10 years

80 30 33,000 1420C 1600C 3020C
50 years 30 years 5 years

57 30 33,000 117 0C 1360C 2800C
50 years 30 years 5 years

100 10 40,000 1500C 1850C 4400C
50 years 10 years 1 year

100 30 40,000 168 0C 1880C 3330C
75 years 50 years 10 years

100 60 40,000 2210C 2260C 2710C
500 years 500 years 30 years

100 10 45,000 148 0C 1920C 4930C
50 years 10 years 1 year

100 30 45,000 1680C 1900C 3600C
75 years 50 years 5 years

100 60 45,000 2170C 222 0C 2840C
500 years 500 years 30 years

100 10 40,000 1500C 1840C 3410C
High k 50 years 10 years 5 years
b ask et _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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In Table 6.6.4-2, the age of the SNF emplaced at a given APD appears to be a dominant
factor in the trends observed. At the time of the analysis, the expected average age of SNF to
be emplaced in the repository was assumed to be 30 years old. Using this age of SNF at an
APD of 100 kW/acre, the peak temperatures of the drift wall, WP surface, and SNF averaged
over different burnups were approximately 170-C occurring at 75 years, 190'C at 50 years,
and 350'C at 10 years respectively. This scenario would be considered within our thermal
goals considering the conservatism of a 2-D analysis where axial effects are ignored.

Figure 6.6.4-4 displays the temperature contours inside the WP at the time of peak internal
temperatures (10 years post emplacement) for a burnup of 33 GWd/MTU. The hottest point
will be at the middle of the center assembly and each of the 21 individual assemblies will
have a local hot point at its center. The left side of the plots displays the magnitude and
direction of the heat flux vectors. The importance of the basket design is seen here as the
primary pathway for heat to escape the WP. Lines of flux move away from the center of
each assembly to the basket structure. The flux lines at the edge of the outer barrier do not
point perfectly radially outward because the WP is not centered in the drift. The invert is
hotter because it is closer to the WP and absorbs more heat than the more distant drift wall.

For 10 year old, 40 GWd/MTU burnup SNF, the waste package peak temperatures occur in
the first year whereas the drift wall does not experience its peak until 50 years post
emplacement. The 10 year old, 40 GWd/MTU SNF type was the design basis SNF initially
chosen for the MPC thermal evaluations. With the MPC conceptual design, temperatures will
be slightly lower due to the higher thermal conductivity of aluminum in the basket instead of
stainless steel. Thermal evaluations of the MPC conceptual design are discussed in a later
section.

For 30 year old SNF of the same burnup, the peaks all occur later (10 years for the WP and
75 years for the drift wall) and are lower for the WP but higher for the repository. Thirty
year old SNF emplaced at the same APD as 10 year old SNF will be spaced closer together
which means a higher AML and therefore higher long-term temperatures.

The thermal response for both the WP and the repository horizon are vastly different for
different ages of SNF even though both cases have the same APD of 100 kW/acre. If
repository thermal loading is specified as an APD, then the average age of the SNF emplaced
should also be given to determine the AML, which drives long-term temperatures.
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Figures 6.6.4-5 and 6.6.4-6 display the timing of the peak temperatures for 40 and
45 GWd/MTU bumups with 30 year old SNF. Figure 6.6.4-5 compares the temperature
contours at the WP peak time and repository peak time for 30 year old SNF. Note that the
WP surface is hotter at the repository peak time but the internals are cooler. Figure 6.6.4-6
plots four time steps in the life of the 30 year old, 45 GWd/MTU package. Panel 1 is at
initial emplacement and represents the greatest temperature drop across the package, panel 2
displays the peak WP temperature time, panel 3 is the peak drift wall temperature time, and
panel 4 demonstrates that the temperature drop across the WP at 500 years is small compared
to earlier times. Some models of repository behavior smear temperatures and properties over
a homogenous WP. The point to be made from panel 4 is that for time periods after the
initial transients, the use of homogenous properties for the WP is not a bad approximation.

The WP design concept analyzed here is similar to the large 21 PWR MPC conceptual design
with disposal container developed in FY 1993. The major differences are overall size and
variations in materials. The MPC is larger than the WP concept mainly because of the extra
length to accommodate shield plugs and multiple closures. This will have little impact on the
thermal scenario because the majority of the heat is transferred radially out of the package.
The materials of construction of the basket structure are important to thermal profiles, and the
MPC conceptual design included a stainless clad aluminum criticality control material instead
of the entirely stainless steel basket modeled here. An initial scoping MPC thermal evaluation
was performed (before the MPC conceptual design was developed) by modifying the material
properties of the model used here. As an approximation of the composite stainless
steel/aluminum basket, material properties of carbon steel (45 W/m.K) were substituted for
the stainless steel. For this comparison case, an assumed design basis SNF for MPC
evaluations of 10 years old with 40 GWd/MTU burnup was used.

Figure 6.6.4-7 plots a comparison between the two basket material types. As seen with the
substitution of Boral, increasing the conductivity of the basket lowered the temperature drop
from center to surface of the WP and delayed the time of the peak temperature. Where the
stainless basket WP peaks at 440'C in one year, the WP with basket conductivity of carbon
steel peaks at 341'C in five years.

Two other APDs were considered besides 100 kW/acre. Figure 6.6.4-8 displays the results of
30 year old SNF with 33 GWd/MTU burnup for APDs of 100, 80, and 57 kW/acre for the
first 75 years of emplacement. The major effect of lowering the APD is to reduce the
magnitude of the boundary condition applied to the detailed WP model. The repository
horizon temperatures in the short and long term will be a function of the APD. These effects
are discussed in Section 6.6.6, which describes the 2-D transient repository/EBS model.

BOOOOOOOO-01717-5705-00015 Rev. 00 6150/996-105 08/29t94



0
0

0
0

A

-1

-1tA

:0
IA

DpC first nodel
LOAD SET: 8 - 40GWD 40TR
TENMPERATURE - MAG MIN: 111.40 MAX: 332.72

110. 00

SHELL SURFACS: TOP

330.00

npc first Node1
LOAD SET: 16 - 40OWD 105YR
TEMPERATURE - NAG MIS: 154.73 MAX: 256.71

llC.00

SHELL SURPACE: TOP

330.00

LeVELS:2V DELTA: 11.58 LEVELS: U DSbTA: 11.58

Max 333 C Max 257 C

Waste Package Peak

40 year old fuel

(10 yr in Rep)

Repository Peak

105 year old fuel

(75 yr in Rep)

I'

40 GWd/MTU Burnup

Figure 6.6.4-5. Peak Time Comparison



FI

U

to I
I.

E0

-' 0 Z w - zF -E

Or.. M4 29 0 _ Ma 35 _
X 4 . -0r

0 a 7 30 __

tA)Sor 10 years
Max 293C __ Max 318 C

rE o A >

D 0C
r 0 to_

000 t

Oto v .";0._W- .i

e 4w tooRx

tzo tc eoxtne

B000000-11-75005Rv0 6-070/2/9

to ~ ~ ~ (o



21 PWR, 8.2 m (27 It) Drift

Temp Peak Fuel Carbon Steel Easket 100 kW/acre APD
(C)

200 _

r ~~ WP Sort=

100 -

0
0 100 200 300 400 500 600 700 800 900 1.000

Time Emplaced (years)

10 year old SNF. 40 GWd/MTU burnup

Figure 6.6.4-7. Basket Material Comparison

21 PWR. 8.2 m (27 It) Drift

500

400

300
Temp

(C)

200

100

0
0 10 20 30 40 50 60

Time Emplaced (years)
30 year old SNF. 33 GWd/MTU burnup

Figure 6.6.4-8. APD Comparison (Constant Age)

BOOOOOOOO-01717-5705-00015 Rev. 00 6-108

70

08129/94



Figures 6.6.4-9 and 6.6.4-10 provide a summary of the trends observed in this analysis. A
comparison of maximum SNF and drift wall temperatures for different ages of SNF
demonstrates the effect of basing repository thermal loading on APD and not AML. All three
cases in the two figures have the same APD of 100 kW/acre with 40 GWd/MTU burnup SNF,
but they have vastly different thermal histories. The impact of design basis SNF selection is
also evident as younger SNF types exhibit a more dynamic transient thermal response than
older SNF types. The 10 year old SNF has an initial temperature spike that lasts less than
100 years, and the 60 year old SNF has more moderate initial transients with a hotter long-
term repository temperature (which also stays above the boiling point for a much longer time
than 1O year old SNF).

A selection of a design basis SNF has different impacts on WP thermal behavior compared to
repository thermal behavior. To capture a majority of the spent fuel, WP analyses must
consider the bounding design requirements for SNF characteristics. Regardless of the design
basis SNF chosen for the WP, the repository thermal behavior will depend on the average
SNF characteristics for all the SNF emplaced. Thus, a WP design basis can be identified that
is different from the average that should be used to determine the large-scale repository rock
thermal behavior. The parametric evaluations summarized in Figures 6.6.4-9 and 6.6.4-10
demonstrate the effect of varying SNF characteristics for the large multibarrier WP and
illustrate the impact of design basis SNF selection on the system.

6.6.5 Variable SNF Loading

An evaluation of differential internal heating has been performed for 20 different PWR
uncanistered fuel (UCF) loading configurations. The parametric evaluation was performed
using a steady-state thermal finite element analysis method. Heat generation rates
representing three different enrichments, burnups and ages of SNF were used.

The UCF WP models were constructed to determine maximum internal temperatures
generated within the container. More specifically, the magnitude of AT, the difference
between the boundary temperature (OO1C) and the peak fuel temperature was determined.

Two-dimensional and three-dimensional models of UCF WP designs were evaluated in the
analyses. The results of the two-dimensional models and the three-dimensional model
evaluations were found to be very close in value, often differing by less than two degrees.

6.6.5.1 Criteria for Selection of 12 and 21 PWR WPs

The WP capacities chosen for analysis are those designs found by previous studies to be
optimal with respect to efficiency criteria. These criteria include wasted space ratio and WP
weight per PWR assembly.

The interlocking UCF container is one of the designs to meet these criteria. The internal
temperatures generated in the interlocking UCF container design must be examined by
evaluating the effects of different SNF loading configurations.
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6.6.5.2 Procedure

Full cross-section models were constructed and meshed for the two-dimensional and three-
dimensional 12 PWR UCF WP designs. Quarter-section models were used for the 2-D and
3-D 21 PWR UCF because of the symmetrical nature of this WP design. The models were
then decoded and processed.

Assumptions

All models constructed for analysis share the following characteristics:

The outer barrier is constructed of 100 mm thick mild steel with the thermo-physical
characteristics of A516 steel. The inner barrier is Alloy 825 and is 15 mm thick. There are
no air gaps between the inner and outer barriers. The basket consists of 20 mm thick sheets
of 316L stainless steel, 10 mm thick 316L stainless steel and 10 mm thick aluminum (Al
6063) sheets for thermal shunts. The basket guides are made of 9.5 mm thick Alloy 825.
These WP models closely approximate current UCF conceptual designs under consideration.

Fuel Assemblies

Each PWR SNF assembly was modeled with 100 elements with smeared thermal properties.
Each element represents a spent fuel cell. Assemblies measure 223.7 mm on each side. The
following is a description of the three design fuels used:

* Design Fuel Assembly: 34.6 GWd burnup at 3.00% enrichment,
10 years aged

* Low Fuel Assembly: 30 GWd burnup at 3.75% enrichment,
25 years aged

* High Fuel Assembly: 55 GWd burnup at 4.50% enrichment,
15 years aged.

For clarity, references to design, low, and high fuel will correspond to the above descriptions.

Other Assumptions and their Bases

* Steady-state rather than transient thermal analyses were conducted. This is because the
WP will reach steady-state temperatures rapidly and it is the final maximum
temperatures that are of interest. A future, more detailed examination should include a
transient thermal analysis.

* WP surface boundary temperatures were 100 C, which is representative of the average
drift temperatures expected after emplacement and also provides a convenient reference
point for determining the AT.
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* Thermal conductivities for SNF and air in the WP correspond to values at 500'K
(226 C). 226'C serves as a first estimate value in an iterative process. It is
approximately equal to the mean value of the maximum temperature determined for
PWR configurations (223VC). Future analyses will carry out the iterative procedure
several steps further by using thermal conductivity values closer to the temperature
values determined in this study.

* Thermal conductivities for the metals in the WP except the aluminum correspond to
values at 100lC. This is based on the thermal boundary condition of loo1C
temperature placed on the outside of the WP.

* A 25 C reference temperature was used for the value of thermal conductivity of
aluminum. This value was used as it is the only documented thermal conductivity
value for Al 6063 at this time.

* A power peaking ratio of 1.15 was used for PWR fuel assemblies. Heat generation in
a WP varies axially throughout the WP, peaking in the center. The peaking factor
accounts for this variance in the heat production and therefore the hottest section is
assumed.

* Effective conductivities were used to estimate radiative heat transfer. The following
equation was used to calculate the conductivity:

C ello4T3

1 +(-)(1 -£2)
C2

(Equation 6.6.5-1)
Where:
el = emissivity of stainless steel
£2 = emissivity of Alloy 825
a = Stefan-Boltzmann constant
T = Temperature
I = Length of the radiation travel distance

Equation 6.6.5-1 was used to determine the effective thermal conductivity of the radiation
heat transfer that occurs in the air gaps between the basket and the inner barrier.

* An infinitely-long WP is assumed for the 2-dimensional model. An infinitely-long
WP is not the most precise assumption. In reality, temperatures will vary due to the
actual length of a WP. It is the maximum temperatures that are desired and the worst
case internal temperature is derived by assuming a maximum peaking factor.
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* The 3-dimensional model uses two sets of 3-D bricks with a length of 2.29 m to form
the total length of WP (4.58 in). The 3-dimensional model of the WP yields more
precise results than the 2-dimensional WP model; however, the difference between
identical cases differs by less than 2 C.

6.6.5.3 Values Used in the Thermal Finite Element Analysis

The steady-state thermal finite element analysis operates under the following governing
differential equation:

O=Vk-Vl)+Q

(Equation 6.6.5-2)

Where:

Q = Heat in
k = Thermal conductivity
VT = Element temperature differential

The two values required for a steady-state thermal finite element analysis are thermal
conductivity (k) and volumetric heat generation (q/vol). Table 6.6.5-1 outlines the materials
used in the analyses and their respective conductivity values.

Table 6.6.5-1. WP Components, Materials and Respective Thermal Conductivities

WP Component WP Material Thermal Conductivity, k
l l l (W/cm.K)

Thermal Shunt Al 6063 2.18

Basket 316L 0.1466

Spent Nuclear Fuel 0.09631

Basket Support Alloy 825 0.1237

Gap Between Basket and Air *0.00235
Inner Barrier

Inner Barrier Alloy 825 0.1237

Outer Barrier A516 0.5786

*The value for the air gap is effective conductivity. This derivation is discussed earlier.
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Volumetric Heat Generation Values

Volumetric heat generation values used in this analysis were interpolated from the Oak Ridge
database of SNF characteristics using a technically verified but non-validated computer code.
The inputs used are listed in Table 6.6.5-2.

Table 6.6.5-2. Parameters Used for PWR Fuel Assemblies

l PWR Design Low High

Age, Yrs. 10 25 15

Burnup, 34.6 30 55
(GWd/MTU)

MTU/Assy 0.461 0.461 0.461

Assy Vol. m3 0.1883 0.1883 0.1883

Max. Pk Factor 1.15 1.15 1.15

Q/Assy, W/Assy 547 329 852

6.6.5.4 Description of Individual Cases

Twenty different cases were examined; 5, 2-D cases for 12 PWR, 5, 3-D cases for 12 PWR,
5, 2-D cases for 21 PWR and 5, 3-D cases for 21 PWR. The following is a separate
description of each case:

Two-Dimensional Models:

21 PWR HH - This configuration had the highest AT (42C). All 21 fuel assemblies are of
the high category (55 GWd burnup at 4.5% enrichment, 15 years age).

21 PWR HL This configuration has 12 low assemblies and 9 high SNF assemblies. This
generates a AT of (31-C).

21 PWR LH This configuration contrasts with the 21 PWR HL configuration in that 12 high
assemblies and 9 low assemblies generate a significantly lower AT (27C).

21 PWR DD All 21 assemblies are of the design type, 34.6 GWd burnup at 3 percent
enrichment, 10 years age. AT is 23'C.

21 PWR LL All 21 assemblies are of the low type, 30 GWd burnup at 3.75 percent
enrichment, 25 years age. AT is 16.3VC.
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12 PWR HH All 12 PWR assemblies are of the high category. AT is 33YC. This
configuration generates the highest AT of all WPs containing 12 SNF assemblies.

12 PWR HL A delta T of 25 C occurs. Eight low SNF assemblies and four high SNF
assemblies are contained.

12 PWR LH A AT of 212'C occurs. Eight high SNF assemblies and four low SNF
assemblies are contained. These results are similar to the 21 PWR cases and reaffirms the
outcome of the 21 PWR LH case.

12 PWR DD All 12 PWR assemblies are of the design category. AT is 19'C .

12 PWR LL All 12 PWR assemblies are of the low category. AT is 13C. This
configuration has the lowest AT of all the cases.

Three-Dimensional Models:

21 PWR HH This configuration had the highest AT (43YC). All 21 fuel assemblies are of the
high category (55 GWd burnup at 4.5 percent enrichment, 15 years age).

21 PWR HL This configuration has 12 low assemblies and 9 high SNF assemblies. This
generates a AT of (32 C).

21 PWR LH This configuration contrasts with the 21 PWR HL configuration in that 12 high
assemblies and 9 low assemblies generate a significantly lower AT (28 C).

21 PWR DD All 21 assemblies are of the design type, 20 GWd burnup at 3 percent
enrichment, 10 years age. AT is 24 C.

21 PWR LL All 21 assemblies are of the low type, 30 GWd burnup at 3.75 percent
enrichment, 25 years age. AT is 17-C.

12 PWR HH All 12 PWR assemblies are of the high category. AT is 34 C. This
configuration generates the highest AT of all WPs containing 12 SNF assemblies.

12 PWR HL A delta T of 25 C occurs. Eight low SNF assemblies and four high SNF
assemblies are contained.

12 PWR LH A AT of 22 C occurs. Eight high SNF assemblies and four low SNF assemblies
are contained. These results are similar to the 21 PWR cases and reaffirm the outcome of the
21 PWR LH case.

12 PWR DD All 12 PWR assemblies are of the design category. AT is 19-C .

12 PWR LL All 12 PWR assemblies are of the low category. AT is 13IC. This
configuration has the lowest AT of all the cases.
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6.6.5.5 Results

Figure 6.6.5-1 graphically summarizes the results of this variant loading evaluation of
12 PWR and 21 PWR UCF WPs. Pertinent observations are listed below:

* Many trends revealed by the analysis were intuitively expected and confirmed by this
analysis. The 21 PWR high fuel loading configuration generates the highest AT ( C).
The minimum AT is produced by the 12 PWR LL case (13'C).

* A homogeneously high fuel loading will have significantly higher AT than any other
configuration. A high SNF assembly has heat output rate of 56 percent greater than a
design assembly and 160 percent of a low assembly.

* Increasing the number of spent fuel assemblies placed in a WP will increase the
magnitude of AT. For example, the difference in ATs between a homogeneous
21 PWR HH configuration and a 12 PWR HH is 8.5 C.

* If hotter spent fuel assemblies are placed on the periphery of a mixed configuration,
the internal-surface temperature differential will be less than if fewer hotter assemblies
are placed in the center. This suggests that a greater number of hotter fuel assemblies
can be placed in a WP and still result in lower temperature differentials if they are
placed on the periphery of the cluster. For example, the 21 PWR HL configuration
has nine high assemblies with a AT of 31C. The 21 PWR LH case has 12 high SNF
assemblies with AT of 27TC.

* The difference between the maximum temperatures of the two-dimensional model and
the three-dimensional model is nearly zero. This is confirmed by the low percent
difference between the two different types of models. An example of this is between
PWR 21 HH (2-D) and PWR 21 HH (3-D) which result in an 0.5 percent difference.

6.6.5.6 Conclusions

This study has revealed some important points and serves as a guide for future comprehensive
thermal finite element studies. Future work will most likely involve transient thermal
analyses. The issue of thermal stresses on a large WP also needs to be examined. As the WP
design continues to evolve, more thermal analyses will be required at each step of the design
process. Future work in the differential fuel loading in WPs shall evaluate the effects caused
by a thermal transient repository environment.
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6.6.6 2-D Transient RepositoryAEBS

A detailed model of the WP will require temperature boundary conditions that represent the
environment around it. For emplacement in the repository, these boundary conditions are
changing with time and depend on thermal loading issues that have yet to be resolved. To
better understand the repository thermal behavior before applying drift wall temperatures as
boundary conditions, a two-dimensional model of the emplacement drift and repository was
created. The SASI code ANSYS Revision 5.0 was used due to its transient analysis
capabilities, temperature dependent material properties, explicit modeling of radiation heat
transfer (with code calculated view factors using a hidden line method), and acceptance by the
nuclear industry and the Nuclear Regulatory Commission (NRC). The ANSYS code has been
verified and validated on the Hewlett-Packard 9000/735 workstations in preparation for
quality affecting analyses.

The purpose of the 2-D repository model is to provide boundary conditions for all the detailed
2-D WP models (including the MPC) for a variety of emplacement configurations and thermal
loadings. The results of these thermal analyses have also served as WP Design inputs to
various systems studies conducted by the M&O. The results of the 2-D repository model also
provided guidance for the preparation of the 3-D repository model described in Section
6.6.10. Generally, the results in this section have been superseded by the 3-D repository
model results which incorporate greater detail (building on the work presented here).

The 2-D transient model is nearly identical to a repository model generated by SNL using the
COYOTE code (SNL, 1993e). Differences between the models include the material
properties assumed for the WP, explicit modeling of radiation by ANSYS, and different
configurations such as smaller WP SNF capacities or drift sizes. Because of the similarities to
the COYOTE model, more attention will be given here for results than for the setup of the
model. Rock wall temperatures calculated with this model were applied as boundary
conditions to the detailed model of the MPC/WP, which is described in the next section.

The 2-D model of drift emplacement is bounded by 18'C at the ground surface (the top of the
model) and 31.7TC at a depth of 611 meters (the bottom). The sides of the model are
assumed adiabatic boundaries representing planes of symmetry at the center of the WP and
halfway between two adjacent drifts. The emplacement drift occurs at 311 meters below the
ground surface and is assumed to remain open (no backfill) at all times.

Two different WP capacities were analyzed as part of the WP Development parametric
studies. Using the same multibarrier burnup credit conceptual WP design described earlier in
Figure 6.6.4-1, with a 35 mm inner barrier of Alloy 825 and 115 mm outer barrier of carbon
steel, the 21 PWR capacity WP would have a diameter of 1.83 m and the 12 PWR capacity
would have a diameter of 1.49 m. Specific heat and density for the homogeneous WP were
calculated based on a weighted average of the component properties taken from the ASME
boiler and pressure vessel code (ASME, 1986). The density was assumed to be
4705.02 kg/M3 and the specific heat was 422.80 J/kg/K. The conductivity for the WP was
calculated using the temperature drop at a given heat load from previous detailed WP models
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and solving for the homogenous conductivity in a solid cylinder. The temperature profile in a
solid cylinder with uniform heat generation is given by (Incropera and DeWitt, 1985):

Ql. r2 2

4Tk r02

(Equation 6.6.6-1)

where Q81 is the heat generation per unit volume. Solving for the conductivity gives:

k= Q
4xL(T0 -T)

(Equation 6.6.6-2)

where Q is the watts per package, L is the WP length (assumed 4.912 m), and T. and T.s are
the center and surface temperatures taken from the results of the 2-D detailed WP model
described in the previous section. Using the results of 40 GWd/MTU burnup cases in Section
6.6.4 a value of 1.06 W/m.K was found. As in the COYOTE model, a layered rock
stratigraphy was assumed with the properties listed in Table 6.6.6-1. These values where
taken directly from the SNL report (SNL 1993e):
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Table 6.6.6-1. Rock Stratigraphy

Unit Upper Lower 1 Thermal > Heat Cap. < -
Contact Contact Cond. (J/cm3.K)

(m) (m) |(W/msK) 94-C<T 94<T<114 T<114-C

TCw 0.0 36.0 1.65 2.0313 9.3748 2.0979

PTn 36.0 74.1 0.85 2.2286 29.3110 1.5236

TSwl 74.1 204.2 1.60 2.0775 12.2655 2.0219

TSw2 204.2 393.5 2.10 2.1414 10.4768 2.1839

TSw3 393.5 409.3 1.28 2.0530 4.5193 2.5535

CHnlv 409.3 414.5 1.20 2.5651 35.3680 1.6702

CHnlz 414.5 518.5 1.28 2.6709 35.3854 2.2835

CHn2 518.5 611.0 1.30 2.5512 22.3349 1.9599

Trending in subsurface design indicates that the emplacement tunnel could have a thinner
concrete floor, 0.3 m (I ft) thick for rail emplacement and 0.9 m (3 ft) for a transporter,
instead of the 1.8 m (6 ft) of crushed rock backfill assumed in the SNL analysis. Table
6.6.6-2 lists the material properties for the two possible inverts; concrete (Incropera and
DeWitt, 1985) and the packed crushed tuff properties used by SNL (SNL, 1993e): Also, the
WP is assumed to have an emissivity of 0.97 corresponding to carbon steel (Lindeburg, 8th
Ed.) and the rock emissivity is assumed to be 0.85 (SNL, 1993e).

Table 6.6.6-2. Invert Material Properties

I I Concrete I Packed Crushed Tuff

Thermal Conductivity 1.4 W/meK 0.65 W/mOK

Thermal Capacitance 2.024 J/cm3oK 1.53 J/cm3oK

Emissivity 0.88 0.85

In the 2-D repository model, logarithmically decaying heat loads are applied to the
homogenous WP as volumetric heat generations. For a given SNF type (age and burnup) the
time dependent heat production can be interpolated from the Oak Ridge database of spent
nuclear fuel characteristics. A youngest-fuel-first analysis of the average spent fuel
characteristics (M&O, 1993t) predicted that the average SNF type to be emplaced in the
repository would be 22.5 years aged with 42.21 GWd/MTU burnup. Based on this
average,
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the 21 PWR WP would have an initial heat production of 10.23 kW/WP and the 12 PWR WP
would have 5.84 kW/WP. Initial thermal loading can then be determined with the following
formula:

APD(kW7acre)= WPheat(kWZWP)
DRIFT 3p<,i,,(m) x WP,8 5(m) x2.4711 x O-4 (acresm 2)

(Equation 6.6.6-3)

In the absence of an extensive forced cooling system for the emplacement drifts, radiation
heat transfer will dominate in the open drift area. Radiation edge elements were defined
around the WP and drift walls, and the ANSYS code calculated the view factor matrix
connecting them. This is different from the SNL analysis where a temperature independent
effective conductivity (to approximate radiation heat transfer) was assumed for the space
between the WP and drift wall.

The first set of cases using the 2-D transient repository model, referred to as the "Lone Drift
Model," approximated one infinitely long drift that is free of interactions with adjacent
emplacement drifts. The purpose of this analysis set was to evaluate near-field temperatures
independent of the thermal load of the repository which has not yet been determined. Also it
was desirable to achieve the smallest tunnel and closest WP spacing possible and still remain
within thermal goals. To achieve this configuration, a drift spacing of 200 meters was
assumed to approximate a lone drift and ensure that there would be no drift-to-drift
interactions before the model ending time of 50 years. The WP spacing was set at 1 meter
between packages, and four tunnel diameters of 3.4(11), 4.3(14), 5.5(18), and
7.6(25) meters(feet) were evaluated. The WPs (both 12 and 21 PWR capacities) were
assumed to be rail emplaced such that the distance between the bottom of the WP and the
bottom of the tunnel is approximately equal to one radius of the WP. There was also a 0.3 m
(1 fi) deep concrete track-bed to provide foundation for the rail system.

Eight cases were run and a summary of peak temperatures and their time of occurrence is
provided in Table 6.6.6-3. The maximum WP temperature reported for these case sets will be
below the actual maximum due to the smearing of the heat load in the 2-D model. A 2-D
model assumes a unit depth for calculations, so the heat load is calculated as the heat per WP
divided by the volume of the WP and the space between WPs. The temperature at the center
of the WP actually represents the average temperature of the center of the WPs and the space
between their ends. For spacings greater than 1 meter between packages, the error introduced
can be significant, so in later analyses a calculation was performed to estimate actual
maximum temperatures. A much better approximation, of course, is to use the drift
temperatures determined here as boundary conditions on a more detailed WP model as
described in following sections.
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Table 6.6.6-3. Lone Drift Temperature Peaks

Capacity Drift j Maximum Time of Max. Drift Time of
(# of PWRs) Diameter WP Temp.* Occurrence Side Temp. Occurrence

12 3.4 m 2590C 8 years 1900C 10 years
_ _ _ _ _ _ _ _ ~(11 ft) _ _ _ _ _ _ _ _ _ _ _ _

4.3 m 2460C 8 years 1760C 20 years
(14 ft) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

5.5 m 2330C 8 years 1650C 20 years
(18 ft) _ _ _ __ _ _ _ _ _ _

7.6 m 2170C 8 years 1480C 20 years
(2 5 ft) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

l 21 (4.3 m 4220C 8 years 3050C 10 years
_ _ _ _ _ _ _ _ ~( ii ft)_ _ _ _ __ _ _ _

4.3 m 3960C 8 years 2800C 20 years
_ _ _ _ _ _ _ _ _ _ _ (1 4 ft)_ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _

5.5 m 3740C 8 years 2600C 20 years
_______ (18 ft) 350°C 8 ya25 C0 er

7.6 In 3500C2 8 years 2500C2 20 years
_ _ _ _ _ _ _ _ _ (2 5 ft )_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

* Underestimated due to smearing of WP heat source
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For all four drift diameters, the 21 PWR WP exceeds thermal goals when there is only a
I meter separation between the packages. This confirms the results of a previous
LLNL model which determined that spacings less than 6 meters between packages would
exceed thermal goals for any drift spacing (Ruffner, et al., 1993). The resulting temperatures
around the drift demonstrated that if the WP is near concentric with the drift, temperature
profiles do not significantly vary around the circumference. Thus the 1-D model in Section
6.6.3 could give a conservative estimate of near-field temperatures. Two-dimensional effects
are visible, however, when the WP is emplaced close to the tunnel floor by a transporter. The
second set of evaluations in this section address this eccentricity effect.

As representative cases, Figures 6.6.6-1 and 6.6.6-2 graph the thermal response of the "lone-
drift" model with time. Although this model of the repository emplacement is detailed, it is
important to point out that the concept of a "lone-drift" is not representative of expected
conditions in the repository. Without the drift-to-drift interactions, the time and magnitude of
the repository horizon temperature peak cannot be determined.

A second set of evaluations using the 2-D transient repository model investigated various
thermal loading configurations that included drift-to-drift interactions. Table 6.6.64
summarizes the thermal loading parameters for each case. All but two of the 18 cases
evaluated used average SNF characteristics of 22 years old with 42.21 GWd/MTU burnup
(M&O, 1993t). Cases 10 and 11 assume a repository loaded entirely with the initial MPC
design basis SNF of 10 years old with 40 GWd/MTU for comparison.

Two WP sizes, described earlier, were considered; the 21 PWR package and the 12 PWR
package. Two drift diameters, 7.6 m (25 ft) and 4.3 m (14 ft), were assumed for both
containers. In the 7.6 m diameter drift, the WP would be emplaced by a transporter riding on
a 0.9 m (3 ft) deep concrete floor. In the 4.3 m diameter drift, rail emplacement is assumed
with a 0.3 m (I ft) deep concrete track bed. Each case evaluated is explained as follows.

Cases I through 4, described in Table 6.6.6-4, represent emplacement at 100 MTU/acre with
the smallest drift spacing possible calculated from each drift diameter's maximum extraction
ratio. These four cases provide the reference for each WP capacity and each drift diameter.

Case 5 is similar to Case I except for an increased WP spacing to achieve a lower AML of
75 MTU/acre. The drift spacing is the same as in Case 1.

Cases 6 and 7 represent emplacement at 100 MTU/acre with a 4.3 m (14 ft) drift and the
smallest WP spacing possible (in contrast to Cases I through 4). For the 12 PWR package, a
I meter end-to-end spacing is assumed the minimum; and for the 21 PWR package, 11 meter
center-to-center is the minimum.

Case 8 is a sensitivity study of the effect of a smaller drift diameter without changing the WP
and drift spacings from Case 1.
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Table 6.6.6-4 Repository Model Emplacement Scenarios

I' 7 "1 I

WP Capacity
(# of PWRs)

Drift Diameter Drift
Spacing

WP
Spacing MTU/acre

APD
kW/acre

21 7.6 m 22.9 m 15.9 m 100 114
(Case 1) (25 fl) (75 ft) (52 ft)

21 43 m 12.8 m 28.4 m 100 114
(Case 2) (14 ft) (42 ft) (93 fl)

12 7.6 m 22.9 m 9.0 m 100 114
(Case 3) (25 ft) (75 fR) (30 ft)

12 4.3 m 12.8 m 16.2 m 100 114
(Case 4) (14 ft) (42 fR) (53 ft)

21 7.6 m 22.9 m 21.2 m 75 85
(Case 5) (25 ft) (75 ft) (70 Rt)

12 4.3 m 35.0 m 5.9 m 100 114
(Case 6) (14 ft) (115 ft) (19 ft)

21 4.3 m 33.0 m 11.0 m 100 114
(Case 7) (14 ft) (108 ft) (36 R)

21 4.3 m 22.9 m 15.9 m 100 114
(Case 8) (14 -) (75 R) (52 R)

21 7.6 m 45.7 m 15.9 m 50 57
(Case 9) (25 ft) (150 R) (52 ft)

21 7.6 m 22.9 m 15.9 m 0OO* 147*
(Case 10)* (25 fl) (75 fl) (52 R)

21 7.6 m 22.9 m 21.2 m 75* 110*
(Case II)* (25 ft) (75 R) (70 __)

12 7.6 m 46.0 m 9.0 m 50 57
(Case 12) (25 R) (151 R) (30 R)

21 7.6 m 74.4 m 15.9 m 31 35
(Case 13) (25 R) (244 R) (52 R)

12 7.6 m 75.0 m 9.0 m 31 35
(Case 14) (25 R) (246 R) (30 R)

21 7.6 m 22.9 m 31.7 m 50 57
(Case 15) (25 R) (75 A) (104 R_)

12 7.6 m 22.9 m 18.1 m 50 57
(Case 16) (25 R) (75 R) (59 R)

21 7.6 m 22.9 m 51.7 m 31 35
(Case 17) (25 A) (75 ft) (170 R)

12 7.6 m 22.9 m 29.5 m 31 35
(Case 18) (25 A) (75 R) (97 R)

J

*10 year old, 40 GWd/MTU burnup fuel
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Cases 9 and 13 are similar to Case I except for an increased drift spacing to achieve lower
AMLs of 50 and 31 MTU/acre respectively for a 21 PWR WP. The WP spacing is the same
as Case 1. Lowering the thermal loading by increasing the drift spacing will be compared to
lowering the loading by increasing the WP spacing.

Cases 12 and 14, like Cases 9 and 13, have an increased drift spacing to achieve AMLs of 50
and 31 MTU/acre but for the 12 PWR package. Other parameters are the same as Case 3.

Cases 15 and 17 contrast Cases 9 and 13 by increasing the WP spacing to achieve 50 and
31 MTU/acre while holding drift spacing constant for the 21 PWR package. Cases 16 and 18
contrast Cases 12 and 14 by increasing the WP spacing to achieve 50 and 31 MTU/acre while
holding drift spacing constant for the 12 PWR package.

Cases 10 and 11 replace the SNF type in Cases I and 5 with the hotter design basis of
10 year old SNF with 40 GWd/MTU burnup. All other cases have a direct correlation
between AML and APD because the SNF type is held constant.

Table 6.6.6-5 summarizes the thermal results for each of the cases outlined above. Peak
temperatures and their time of occurrence are listed; however, for some cases the peak drift
wall temperature had not been reached by the end of the model analysis period of 50 years.

Figures 6.6.6-3, 6.6.6-4, 6.6.6-5, and 6.6.6-6 step through the life of reference Case 1 with
temperature contours at 1, 5, 10, and 50 years after emplacement. Even with the eccentric
placement of the WP, the circumferential variations in temperature are minimal until the wave
front reaches the drift-to-drift midplane. When temperature perturbations reach the drift-to-
drift midplane, the heat is forced to go up or down, and the I -D approximation described in
Section 6.6.3 would no longer be applicable. The maximum temperature reported in the
figure legend represents the average at the center of the WP (which includes the spaces
between WPs). The actual maximum WP temperature will be higher as estimated in Table
6.6.6-5.
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Table 6.6.6-5 Repository Model Peak Temperatures

WP Capacity Drift Diameter Maximum WP Time of Max. Drift Side Time of
(# of PWRs) Temp. Occurrence Temp. Occurrence

21 7.6 m 3210C 8 years +1690C +50 years
(Case 1) (25 f*)

21 4.3 m 3130C 8 years +1650C +50 years
(Case 2) (14 ft)

12 7.6 m 228*C 8 years +136 0C +50 years
(Case 3) (25 ft)

12 4.3 m 2340C 8 years +1650C +50 years
(Case 4) (14 ft)

21 7.6 m 3010C 8 years +138 0C +50 years
(Case 5) (25 ft)

12 4.3 m 3000C 8 years +2000C +50 years
(Case 6) (14 fA)

21 4.3 m 3730C 8 years 1960C 30 years
(Case 7) (14 *t)

21 4.3 m 3400C 8 years +1780C +50 years
(Case 8) (14 fi)

21 7.6 m 3090C 5 years 1250C 40 years
(Case 9) (25 ft)

21 7.6 m 4000C 3 years +1990C +50 years
(Case 10) (25 f*)

21 7.6 m 380*C 3 years +1600C +50 years
(Case 11) (25 f_)

12 7.6 m 227°C 8 years 1250C 40 years
(Case 12) (25 ft)

21 7.6 m 3070C 4 years 1120C 20 years
(Case 13) (25 f)

12 7.6 m 2250C 6 years 1120C 20 years
(Case 14) (25 A)

21 7.6 m 2740C 8 years 109 0C +50 years
(Case 15) (25 *)

12 7.6 m 1950C 8 years 1090C +50 years
(Case 16) (25 A)

21 7.6 m 257*C 2 years 800C +50 years
(Case 17) (25 *)

12 7.6 m 1720C 8 years 800C +50 years
(Case 18) (25 *)

+ Peak was not reached before the end of the 50 year life of the model.

J--
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Figures 6.6.6-7 through 6.6.6-14 display trending observed for the 12 and 21 PWR WPs
emplaced at three different APDs of 114, 57, and 35 kW/acre. The SNF characteristics used
for these cases were the Systems Studies averages of 22 years old with 42.4 GWd/MTU
burnup, not the assumed MPC design basis of 10 year old, 40 GWd/MTU burnup. Using a
design basis SNF in the repository model would be equivalent to assuming that all WPs
produce that level of heat which would result in incorrect repository temperatures.
Conversely, a WP configuration may appear to be acceptable (within thermal goals) using
average SNF but might actually exceed limits when that individual package is loaded with the
design basis SNF. The purpose of the two model evaluation is to calculate repository
temperatures with average SNF and then investigate an individual package that could be
loaded with design basis SNF. If thermal goals were interpreted based solely on the results of
a 2-D repository model using average SNF characteristics, then by definition only half of the
WPs would meet those thermal goals (those less stressing than average).

Figures 6.6.6-7, 6.6.6-8, 6.6.6-9, and 6.6.6-10 graph the average thermal response of the
21 PWR and 12 PWR WPs at APDs of 114, 57, and 35 kW/acre. In Figures 6.6.6-7 and
6.6.6-9, the lowered APDs are achieved by increasing the drift spacing while holding WP
spacing constant. The thermal histories are similar at early times because thermal coalescence
occurs between WP spacing before drift spacing. Until the thermal wavefront reaches the
drift-to-drift midplane (determined by the drift spacing), the cases will be identical if a
constant WP spacing is assumed. Figures 6.6.6-8 and 6.6.6-10 achieve lowered APDs by
increasing WP spacing while holding drift spacing constant for 21 and 12 PWR WPs
respectively. Increasing the WP spacing lowers the near-field temperatures but also introduces
WP axial conduction effects not adequately modeled by this 2-D approximation. These cases
of increased WP spacing will be further investigated with a 3-D model described in a later
section.

Figures 6.6.6-11 and 6.6.6-12 graph the constant WP spacing cases out to ten thousand years
on a logarithmic time scale. The results indicate that above boiling conditions will persist
through 100 years for thermal loadings as low as 35 kW/acre; and at 114 kw/acre, average
temperatures could stay above boiling for up to eight thousand years. As expected, the
internal temperatures are higher for higher capacity WPs, and temperature drops from WP to
drift wall decrease at later times. It should be noted that this emplacement scale model
assumes an infinite continuum of drifts such that repository edge effects are neglected. The
model presented here may over-predict repository temperatures after 1000 years due to the
neglected heat losses at the repository edge. This effect is quantified in Section 6.6.10.

Figure 6.6.6-13 compares the 21 PWR WP to the 12 PWR WP in the same drift diameter and
drift spacing. Clearly large capacity packages will exceed thermal goals before smaller
capacities at the same thermal load.

Figure 6.6.6-14 investigates the effect of varying the drift diameter for the large drift
emplaced WP. As anticipated, smaller drift diameters reduce the area for thermal radiation
and result in higher temperatures.
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The thermal trending observed follows that reported by SNL and LLNL. A benchmark case,
described by Figures 6.6.6-15 and 6.6.6-16, compares the temperature results of this
repository model to the SNL model previously used to supply boundary conditions to the
detailed WP model. For the comparison, an APD of 100 kW/acre with 30 year old,
40 GWd/MTU burnup SNF was assumed. All the predictions agree closely except for WP
internal temperatures where different properties were assumed for the homogenous WP.

It is important to note that thermal loading and WP design decisions cannot be based solely
on the results of the 2-D repository model. The estimated WP center temperatures reported
represent the average WP center temperature. It is still necessary to apply the rock wall
temperatures calculated here as boundary conditions to a detailed WP model loaded with WP
design basis SNF.

The following section describes the model used to determine internal temperatures in the MPC
conceptual design with disposal container. To provide boundary conditions for the detailed
MPC/WP model, the 2-D repository model was run with an APD of 57 kW/acre. The
following parameters were assumed for the analysis:

WP: 21 PWR MPC with 100 mm disposal container
Diameter: 1.7436 m (68.6 in)
Length: 5.1142 m (201.3 in)
Properties: Same as described previously for homogenous WP

Emplacement: In-drift, single file
Diameter: 7.62 m (25 ft)
Invert Floor: 0.9144 m of concrete

Thermal Load: 57 kW/acre (APD) of 50 MTU/acre (AML)
Drift Spacing: 45.68 m (150 ft)
WP Spacing: 15.9 m (52 ft)
SNF Type: 22 years old, 42.2 GWd/MTU burnup

The temperature dependent results for a repository loaded with MPCs are plotted with the
results of the 2-D MPC/WP detail in the next section. For this configuration, a peak
temperature of 119'C at I meter into the drift rock occurred at 50 years post emplacement.
The reason for observing the 1 meter temperature is that the drift wall temperatures reported
by the 2-D repository model represent the average down the length of the drift. The drift
wall near the side of the WP will actually be hotter than the predicted average and it would
be nonconservative to impose the average drift wall temperature at that location. By moving
the boundary condition 1 meter into the rock, the effects of axial variations in temperature
down the length of the drift are moderated and a more accurate representation of the peak
axial point for the detailed 2-D model is attained.

B00000000-01717-5705-00015 Rev. 00 6-137 08n29/94



SNL COMPARISON - 1
21 PWR, 7.9 m (26 ft) Drift, 100 Kw/acre

220

170

Temp
(C)

120

70

20
0 5 10 15 20 26 30

Time Emplaced (years)
30 year old SNF, 40 GWd/MTU burnup

36 40 45 50

FIGURE 6.6.6-15

SNL COMPARISON - 2
21 PWRP 7.9 m (26 ft) Drift, 100 Kw/acre

220

170

Temp
(C) rrofl

120

70

0 6 10 15 20 25 30
Time Emplaced (years)

30 year old SNF, 40 GWd/MTU burnup

35 40 46 60

FIGURE 6.6.6-16

B00000000-01717-5705-00015 Rev. 00 6-138 08/29/94



Figures 6.6.6-17, 6.6.6-18, 6.6.6-19, and 6.6.6-20 depict the 2-D transient repository model
results at a repository thermal load of 57 kW/acre. The plots display temperature contours in
the repository at 10, 100, 1000, and 10,000 years. The highest temperature, reported in the
legend of each figure, is the maximum temperature at the center of the WP (the little dot in
the center of the drift) averaged over all the WPs and the length of the drift. Note that for
this thermal loading, significant temperature perturbations persist all the way through ten
thousand years. For 57 kW/acre with average SNF characteristics, above boiling temperatures
are experienced through 2000 years for central drifts. The next section describes the
MPC/WP detailed model to which the repository temperatures are applied as boundary
conditions.

6.6.7 2-D Transient MPC/Waste Package/EBS

A 2-D finite element thermal model of the large 21 PWR burnup credit MPC conceptual
design was developed from design drawings supplied in the MPC conceptual design report
(M&O, 1993g). Model detail included the separate layers of the basket tube design. Intimate
contact was assumed between the layers of stainless steel and aluminum, and also between the
tube guides and inner shell. Figure 6.6.7-1 displays the mesh detail for the MPC and the
disposal container. A 6 mm radial gap was assumed, for this model, between the MPC shell
and the 100 mm disposal container of carbon steel to allow for the container to slide over the
shell at the MGDS.

At the time this model was constructed, the reference MPC was a 25 mm (I inch) wall of
Alloy 825 with Alloy 825 tube guides welded to the inside. Since that time, the reference
case has changed and the reference MPC conceptual design now is constructed of stainless
steel. The major impact in the thermal analysis will be in the disposal container where an
extra layer of material must be added. The extra layer would add its own thermal resistance
plus the extra gap resistance between the layers. An estimated 10 to 20'C would be added to
overall temperatures due to this change. The conductivity of type 316 stainless steel is very
similar to that of Alloy 825 such that changes to the thermal profile in the shell and basket
will be minor. The current gap and material thickness for the disposal container have
changed since the time this model was constructed; however, the effect is minor as described
above. The latest reference designs for the waste package containment barriers are described
in other sections of this report.

The finite element code ANSYS was used to model the 2-D cross-section of the MPC/waste
package. The ANSYS code includes capabilities for calculated radiation view-factors,
temperature dependent material properties, and non-linear transient solutions. The analysis
was performed on a Hewlett-Packard 9000/735 workstation and was coupled with the 2-D
repository model, described earlier, using the ANSYS Parametric Design Language. Time
and position dependent temperatures at one meter into the rock wall of the drift were exported
from the repository model to the waste package model and applied as boundary conditions.
Figure 6.6.7-2 displays the emplacement of the MPC/waste package in a 7.6 m (25 ft) tunnel
with a 0.9 m (3 f) deep concrete invert floor. The edge of the model includes one meter on
the rock wall to ensure that the application of boundary conditions do not force a temperature
profile in the drift.
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