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The other time-varying boundary condition, used in the model, was the decaying heat loads
applied as volumetric heat generations to the assembly areas which have smeared material
properties. The heat loads for the assembly area were interpolated from the Oak Ridge
database of spent fuel characteristics based on an assumed design basis SNF of 10 years old
with 40 GWd/MTU burnup. At initial emplacement, this design basis SNF assembly will
generate 676 watts. The heat load will decrease logarithmically with time as the fission
products decay. The heat loads were applied volumetrically and were multiplied by an axial
peaking factor of 1.15 to approximate the axial center of the WP with a 2-D model. A SNF
assembly will be hotter at the center than at the ends, and it is conservative to assume the 2-D
waste package model represents the hottest cross-section of the MPC/waste package.

Material properties for the 2-D Model were taken from the ASME boiler and pressure vessel
code (ASME, 1986), except for the aluminum-boron where properties were supplied by the
manufacturer (Taylor, Groot and Larimore, 1989) and the homogeneous SNF assemblies
which were assumed to have the following properties based on weighted averages:

Density: 3960.04 kg/m3

Specific Heat: 274.00 J/kgeK
Conductivity: Temperature Dependent (LLNL, 1991a)

The gaps and empty spaces in the MPC/waste package were assumed to be filled with helium
gas. Temperature dependent material properties for all properties including helium (Incropera
and Dewitt, 1985) were entered in a separate material properties table. For each empty space
or gap, helium conduction with a parallel radiation connection was assumed. Emissivities for
each material were assumed to be:

Rock: 0.85 (SNL, 1993e)
Carbon Steel: 0.97 (Lindeburg, 8th Ed.)
Concrete: 0.88 (Incropera and DeWitt, 1985)
Alloy 825: 0.80 (LLNL, 1991a)
Stainless Steel: 0.60 (Marks, 1958)

The boundary conditions and heat loads were applied and solved out to 10,000 years. Figure
6.6.7-3 provides the temperature contours in the MPC/waste package at the peak temperature
time of I year after emplacement. The WP generates the most heat at initial emplacement but
is cooler initially than at I year postemplacement because the drift wall (the waste package
environment) has not begun to warm up. Figures 6.6.7-4 and 6.6.7-5 display the thermal
transient out to 50 and 10,000 years respectively. Similar to the multibarrier waste package
models, the MPC/waste package experiences its peak temperatures during the first year of
emplacement when loaded with the 10 year old design basis SNF type.

Three methods are available to estimate cladding temperatures inside a storage, transportation,
or disposal canister. The first and most involved method is to explicitly model the canister
and every fuel rod in every assembly within it. The second method employs the Wooton-
Epstein correlation to estimate the peak cladding temperature based on the highest steady state
temperature in the SNF basket structure. The third method of estimating peak cladding
temperatures is to prepare a finite element model (FEM) or finite difference model of the
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SNF assembly volume as a smeared solid with internal volumetric heat generation as part of
the entire disposal container model. With the third method, an effective conductivity for the
assembly volume is defined that will approximate the temperature drop across a PWR
assembly. The three methods are described in greater detail in Section 6.6.9 of this report.

The effective conductivity method using the ANSYS program has been employed for the
parametric thermal evaluations of the multibarrier waste package and MPC conceptual designs
for emplacement in the geologic repository. Wooton-Epstein calculations for each time step
in the ANSYS analysis have also been performed to serve as a comparison to the effective
conductivity method.

The effective thermal conductivity of the smeared SNF assembly was derived from tables
presented in the LLNL reports for the GA-4, BR-100, and "Thermal Performance of Buried
Nuclear Waste Storage Containers Storing a Hybrid Mix of PWR and BWR Spent Fuel Rods"
(LLNL, 1991a). The thermal conductivity of the SNF assembly is dominated by radiant
thermal transfer, although both radiation heat transfer and conduction have been taken into
consideration in the development of smeared conductivities.

Table 6.6.7-1 lists the temperature results at I year post emplacement (the WP internal peak
time) and 10 years post emplacement (near the drift wall peak time). The analysis of the
WP/MPC in repository emplacement is a transient problem and cannot be solved in steady
state as in transportation and storage. It should also be noted that even though the effective
conductivity method predicts temperatures above the thermal goals for the first few years, the
21 PWR capacity is still considered an acceptable maximum due to the conservatism of the
effective conductivities assumed for this analysis.

Table 6.6.7-1. MPC/Waste Package Temperatures

I Temperatures at I year Temperatures at 10 years
Post Emplacement Post Emplacement

Maximum SNF Cladding 3540C 3330C
Effective Conductivity

Maximum SNF Cladding 3370C 318 0C
Wooton-Epstein

Maximum Basket 2880C 2760C

MPC Shell Surface 2220C 2240C

Disposal Container Surface 2050C 211 ̀ C

Drift Side Wall 152 0C 1720C
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The thermal evaluation of the MPC conceptual design with respect to the repository has
considered a number of thermal loading scenarios. The repository thermal loading has not
been specified and is not planned to be finally established for years. Therefore, the waste
package thermal behavior has been analyzed for a range of thermal loadings, including the
SCP-CDR reference of 57 kW/acre and an assumed upper bound of 114 kWfacre. For each
repository thermal loading scenario a two-dimensional repository and waste package
evaluation must be performed, as described in the previous sections. Transient models of
repository thermal response were developed as well as steady-state and transient models of the
waste package.

Comparing the results from the multibarrier waste package and MPC/waste package analyses,
it can be concluded that the thermal behavior of the MPC in the repository is similar to the
behavior of previous WP conceptual designs. Parameters key to the thermal response of the
waste package must also be considered for the MPC, especially loading capacity (number of
SNF assemblies) and the choice of the design basis SNF. As depicted in the preceding figures,
the choice of young SNF types as the design basis SNF will limit the capacity of the waste
package that can be emplaced in the repository while maintaining the thermal goals.

Figure 6.6.7-6 displays a comparison of MPC/waste package internal temperatures with design
bases of 10 and 20 year old SNF. As seen in Figure 6.6.4-2, the SNF heat load decays
rapidly and an increase in the SNF age of 10 years carries a dramatic impact. However, for
the 20 year old SNF, the peak internal temperatures still occur in less than 5 years as seen in
Figure 6.6.7-7. In Figure 6.6.7-7, the decreasing temperature drop from WP center to surface
is added to an increasing environment temperature. The result is an internal temperature peak
time and magnitude that depend on both thermal loading and waste package design and heat
output.

To assure the thermal compatibility of the MPC with the MGDS, the following paragraphs
were submitted for inclusion into the MGDS Requirements Document (M&O, 1993i):

The MGDS shall provide an emplacement environment (e.g., waste package design,
underground facility design, emplacement mode or orientation, spacing between waste
packages, etc.) such that SNF cladding temperatures in a waste package do not exceed
3500 C <TBR>. [10 CFR 60.135(a)(2)] [CRD 3.2.1.1.H]

The MGDS shall provide an emplacement environment for the MPC with disposal
container, such that an emplaced waste package with a thermal output of 14.2 kW <TBR>
will not result in an MPC surface temperature higher than 225°C <TBR>. The MPC
design must maintain the peak SNF cladding temperature below the maximum temperature
designated for disposal. To meet this requirement, the peak cladding temperature in a
loaded MPC with thermal output as indicated above must not exceed 350GC <TBR> when
subjected to an MPC external wall temperature of 225 C <TBR>.
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The first paragraph addresses the requirements for any non-MPC waste packages that may be
loaded with SNF and emplaced in the repository. The second attempts to define the interface
between the MGDS and MPC responsibilities. The thermal output of 14.2 kW per waste
package represents the maximum heat load for a large waste package that can be
accommodated in drift emplacement without exceeding thermal goals. This limit is based on
the detailed thermal evaluations of the 21 PWR MPC/waste package described above. The
225'C MPC external wall temperature represents the interface temperature between the MPC
and its disposal container for that limiting case. By using this interface temperature as the
MPC surface requirement, confusion can be avoided in MPC design about repository
emplacement parameters and overpack designs which have yet to be determined. The
derivation of these requirements is described as follows.

Again, the heat loads for the loaded SNF in the previous analysis were based on an assumed
design basis SNF of 10 years old with 40 GWd/MTU burnup. At initial emplacement, this
design basis SNF assembly will generate 676 watts, but the heat will decrease with time as
fission products decay. With these SNF characteristics the total initial package heat output
would be 14.2 kW (21 x 676 watts).

With the given heat load, the MPC/waste package analysis resulted in peak cladding
temperatures of 354GC occurring at 1 year post emplacement. This peak temperature is very
near the cladding temperature goal of 350'C, and thus it was concluded that MPC capacities
greater than 21 PWRs would result in temperatures above the goal with the given design basis
SNF assembly. Based on engineering judgment, it was also postulated that MPCs with
different capacities but the same total package heat load of 14.2 kW would also result in peak
internal temperatures near the 350'C goal. Larger MPC capacities could then be
accommodated if each individual assembly generated less heat than the previous design basis.

Large MPCs with capacities other than 21 PWRs but similar dimensions and the same total
package heat load should result in a similar effect on the repository near-field temperatures.
With this assumption, the MPC surface temperature for the 21 PWR MPC case can be
provided as a boundary condition for a thermal analysis of any MPC with the same total heat
load. The maximum surface temperature for the MPC reported in the MGDS-MPC Design
Considerations Report (M&O, 1993q) was 224GC. This value was rounded up to 225GC for
the requirements document.

To ensure that the suggested requirements are fair, a further analysis was performed to
determine the workability of the 14.2 kW heat load and 225GC surface temperature. The
canister was assumed loaded with design basis 10 year old, 40 GWdIMTU burnup assemblies
to provide the necessary 14.2 kW. The side wall of the MPC was given a 225GC boundary
condition and a finite element model, similar to the one used previously, was solved in
steady-state. Figure 6.6.7-8 displays a temperature contour plot of the analysis results. The
maximum predicted peak cladding temperature was 356GC which satisfies thermal goals given
model uncertainties and conservatism in the method of predicting the peak cladding
temperature. This evaluation verifies that the requirements are not overly strict.

Incorporating long-term performance materials into the MPC design enhances the probability
that the device can be used as part of the waste package. However, these materials typically
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increase the thermal resistance in the container compared to the standard on-site-storage
device's materials; i.e., carbon steel. Therefore, the MPC with disposal container must be
evaluated to ensure that it meets the most restrictive thermal goals for storage, transportation,
and disposal.

A 21 PWR SNF waste package was considered to be the maximum capacity for the MPC
conceptual design, primarily due to the thermal limitations resulting from the assumed design
basis SNF. While vendor MPC designs are not restricted to a capacity to 21 PWRs, each
proposed design must be evaluated to ensure that it will be compatible with repository
emplacement. The issue of MPC compatibility with high and low thermal loading is by no
means settled (see the near-field temperature analysis using the 3-D repository model in
Section 6.6.10); and MPC evaluations will continue throughout ACD.

6.6.8 Thermal Evaluation in Support of Performance Assessment

In support of the on-going performance assessment at Sandia National Laboratories, a
parametric evaluation of the internal heat generation of the 21 PWR waste package has been
performed. Initially, nine time periods after emplacement (1, 10, 50, 75, 100, 500, 1,000,
5,000, and 10,000 years) were examined for APDs of 114 and 57 kWfacre. Drift wall
temperatures calculated at SNL were used as boundary temperatures in the thermal finite
element analysis. The SNL models accounted for backfill at 75 years.

These analyses determined that after a one year period, the 114 kW/acre APD has higher
temperatures than the 57 kW/acre APD. The highest temperature values occur at the 100 year
point for both APDs. This has been attributed to the insulating effect of the backfill at the
75 year point. The post backfill temperature peaks were greater than the initial temperature
peaks after one year.

Other significant observations include the following. The highest external waste package
temperature is at the bottom of the waste package, while the lowest external temperature is at
the top of the waste package. This trend is reversed after backfilling.

Subsequent work reexamined similar times and added analyses at 78, 300, 3000, and
30,000 years with new data from SNL. Different models have also been analyzed for central
and edge waste packages after 300 years. The results are similar in that a drastic waste
package internal temperature peak occurs after backfilling. The highest peak occurs at the
78 year point, however. By the 100 year point, peak temperatures have decreased by over
one hundred degrees. Further studies will look more closely into the temperatures generated
between backfill and the one hundred year point, backfill timing, and thermal conductivity.

6.6.9 2-D Steady-State SNF Assembly

Three methods are available to estimate cladding temperatures inside a storage, transportation,
or disposal canister. The first and most involved method is to explicitly model the canister
and every fuel rod in every assembly within it. This model would directly consider the
internal fill gas convection and conduction and a matrix of radiation view factors among the
rods.

BOOOOOOOO-01717-5705-00015 Rev. 00 6130/996-153 Oa/29/94



(A
0O

0t
0t

ANSYS 5.0 A
NOV 19 1993

Temperature
_ 225
_ 231
_ 238
_ 245
_ 251
_ 257
_ 264
_ 271
_ 277
_ 284
_ 290
_ 297
_ 304
_ 310

FEU 316
I i 323'

_ 330
_ 336
- 343
- 349

_ 356

Degrees C

21 PWR MPC

Steady-State
Solution

FIGURE 6.6.7-8

01E,,



A fluid flow computer code such as FIDAP or COBRA-SFS, developed at Battelle Pacific
Northwest Laboratories (PNL), could be used to perform such an evaluation. This method is
costly in setup time and computational time and does not lend itself to parametric evaluation
where detail is desired in the basket structure, corrosion barriers, and near-field rock; and not
in an individual assembly.

The second method employs the Wooton-Epstein (1963) correlation to estimate the peak
cladding temperature based on the highest steady state temperature in the SNF basket
structure. The Wooton-Epstein correlation has historically been the primary tool of
transportation/storage cask vendors as it simplifies the analysis and has been previously
accepted by the NRC. Thermal analyses of the MPC conceptual design (for storage and
transportation) and the BR-100 spent fuel shipping cask used HEATING and PATRAN-
P/THERMAL respectively to calculate SNF basket temperatures, which are the input to
Wooton-Epstein. In these models, the SNF assemblies are modeled only as an edge heat flux
to the basket structure without internal heat generation. The Wooton-Epstein relation then
generates the estimated maximum steady state spent fuel cladding temperature. This method
is not suited for waste package evaluations as it requires multiple calculations, does not
address transient behavior of the SNF and basket, does not predict the effects of differential
loading of the canister, and may adversely affect basket profiles by forcing constant SNF
assembly surface heat flux rates.

The third method of estimating peak cladding temperatures is to prepare a finite element or
finite difference model of the SNF assembly volume as a smeared solid with internal
volumetric heat generation as part of the entire disposal container model. Instead of explicitly
modeling the SNF rods, smeared properties for a homogenous assembly are assumed in the
container model that will estimate the radiation and gaseous transport of heat from the
assembly rods to the basket structure. An effective conductivity for the assembly volume is
defined that will approximate the temperature drop across a PWR assembly. If the effective
conductivity is chosen carefully, the FEM will predict peak temperatures in the smeared-
property assembly volume that are close to actual expected temperatures. This method has
been utilized by the national laboratories, which have been tasked by the NRC to verify
vendor calculations for the GA-4, BR-100, and other storage and transportation casks. The
effective conductivity method allows the determination of transient behavior that will be
experienced with repository emplacement.

The key to accurate SNF cladding temperature predictions using the effective conductivity
method lies in determining the proper conductivity to assume in the assembly volume. The
Wooton-Epstein correlation demonstrates that peak cladding temperatures are a function of the
assembly type, the assembly decay heat, and the SNF basket wall temperature. It is important
to note that the SNF basket wall temperature not only specifies the environment temperature
for the assembly, but also determines what part of the decay heat will be transferred by
thermal radiation, which depends on the fourth power of the absolute temperature. For an
SNF assembly in a gaseous environment, such as the helium fill gas assumed in the MPC,
heat will be transferred by gaseous conduction, convection, and radiation. This temperature
dependence for radiation heat transfer introduces severe non-linearities into the calculation.
Therefore, any effective conductivity will be highly temperature-dependent and cannot be
specified by one number for a given assembly type.
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Due to uncertainties in predicting SNF peak temperatures and calculating effective
conductivities, the effective conductivity values assumed in the previous MPC evaluations
(Section 6.6.7) were purposely conservative. To better estimate effective conductivities (and
therefore better predict peak cladding temperatures), a thermal model of an SNF assembly was
developed using the ANSYS finite element code. It is planned that this model will be used to
generate a set of effective conductivities for use in future waste package models.

Assuming two plans of symmetry, the model includes the basket wall, 45 full fuel rods, 14
half fuel rods,4 guide tubes, and one quarter of the center instrument tube. The B&W 15 x
15 Mark B4 PWR assembly was chosen as the basis for the 2-dimensional model which,
using symmetry, represents one quarter of an assembly.

Figure 6.6.9-1 displays the FEM mesh developed. Assuming 24 circumferential elements
around each spent fuel rod and a helium fill gas between the rods, the resulting FEM model
has over 20 thousand elements. This represents higher detail than other previous evaluations
such as the safety analysis for the NAC Storable Transport Cask which assumed 8
circumferential elements around the SNF rod (NAC, 1993). Model detail included a 2 mill
thick oxidation layer on the Zircaloy 4 cladding (typical of fuel that has been in a reactor),
and a gaseous (assumed helium) gap between the uranium oxide pellet and the cladding.
Currently, the model assumes a uniform heat generation in the uranium pellets neglecting
distributed radiation energy deposition in the cladding and supporting structures. In the
future, investigation of volumetric radiation energy distribution within the assembly will be
conducted as this distribution may have an impact on peak cladding temperatures.

Helium conduction and thermal radiation were assumed to transfer heat between the rods.
Helium has poor buoyancy compared to its thermal conductivity (unlike air for example), and
thus, helium convection heat transfer can be neglected compared to helium conduction in a
horizontal assembly. To model the radiation heat transfer, a matrix of radiation view-factors
was explicitly generated for each element face by the ANSYS code. Figure 6.6.9-2 displays
the thermal radiation edge elements used to generate the substructure. Radiation energy is
exchanged between surfaces that can "see" each other.

Material properties for the assembly model were taken from the MATPRO handbook
(DOE, 1981) and include temperature-dependent conductivities and oxidation-dependent
emissivities. However, other effects such as fuel densification, swelling, and restructuring;
cladding dimensional changes (creepdown, thermal expansion, elastic deformation, stress
irradiation growth); and fission product gas release were neglected.

Model refinement and benchmarking have not been completed. However, some test cases
have been run and are reported here with the caveat that they are preliminary. To test the
model, the 21 PWR MPC/waste package analysis presented in Section 6.6.7 was selected as a
base case. For that evaluation, 10 year old 40 GWd/MTU SNF characteristics were assumed,
which resulted in peak internal temperatures at one year post emplacement. Based on that
analysis, the parameters for the SNF model comparison were as follows:
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MPC shell temp. 222 C (at I year)
Basket wall temp. 288 C (at 1 year)
Basket cell width 224 mm (8.8 inches)
Assembly heat 651.2 watts (11 year old, 40 GWd/MTU burnup SNF)
Peaking Factor 1.1531

Table 6.6.9-1 summarizes the peak cladding temperature results for the SNF model tests
compared to the peak values reported in Section 6.6.7. To investigate the contribution of
thermal radiation to the rod-to-rod heat transfer, two experimental cases were also run. The
first assumed no thermal radiation between the rods (Method 4 below), thus forcing all the
assembly heat to be transferred by helium conduction. The second assumed no helium
conduction in the assembly (Method 5 below), thus forcing all the assembly heat to be
transferred by thermal radiation.

Table 6.6.9-1. Preliminary SNF Model Results

I Temperature Prediction Method | Peak Cladding

Method 1, Effective Conductivity (Original Value from Section 6.6.7) 3540C

Method 2, Wooton-Epstein (Original Value from Section 6.6.7) 337 0C

Method 3, SNF Model with Helium Conduction and Thermal Radiation 3020C

Method 4, SNF Model with Helium Conduction Only 317 0C

Method 5, SNF Model with Thermal Radiation Only 313 0C

Compared to Methods I and 2, the detailed SNF model has removed conservatism and
predicts lower peak cladding temperatures. The first two methods were designed to purposely
predict conservative temperatures for a range of conditions. These are contrasted here to a
very specific model that attempts to predict temperatures with less conservatism. Figure
6.6.9-3 displays a temperature contour plot for Method 3. As expected, peak cladding
temperatures occur in the rods closest to the center instrument tube. Methods 4 and 5, in
Table 6.6.9-1 above, demonstrate the importance of both fill gas conduction and thermal
radiation in removing the assembly heat. The results indicate that both heat transfer
mechanisms contribute, and neither could be neglected without introducing error in the
analysis. Again, it is noted that these results represent work in progress and should not be
used for design decisions at this time.

In addition to the tests completed above, the SNF model was also used to investigate the
thermal effects of adding filler material to the waste package. As part of the MGDS design
activities, it has been determined that addition of material to fill the void space within the
waste package may be beneficial to criticality control, and be beneficial to long-term
containment and isolation by inhibiting corrosion and the release of radionuclides. Selection
of candidate filler materials must consider the effects that the presence of such material would
have upon the SNF cladding temperatures, as compared to having the void space filled with
only an inert gas.
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Initial thermal investigations regarding waste package filler material focus on the effects of
changes in thermal resistance of the various pathways within the fuel assemblies, the basket
contact with the containment shell, and the spaces between the waste package barriers.

Section 6.11 of this report discusses the considerations and selection of candidate filler
materials. For the purpose of this analysis, the filler was assumed to be a granular iron shot.
No source of information was discovered to provide actual values for iron shot bulk thermal
conductivity. Prior work at the Nevada Test Site (RSN, 1992) had occasioned the
measurement of the thermal conductivity of roughly-spherical granular magnetite, a naturally
occurring iron oxide (Fe30 4). The granular magnetite exhibited a thermal conductivity
approximately one-twentieth that of the crystalline material. Assuming that the same ratio
might apply to iron shot versus iron (pure iron conductivity = 80.2 W/m*K (Incropera, 1985)
would suggest iron shot thermal conductivity of 4 W/mrK, as well as a more conservative
lower value of I W/m-K.

The MPC/waste package thermal analysis with no filler material, described in Section 6.6.7,
was rerun with all gaps and spaces assumed to be filled with iron shot. The analysis was
performed for both filler conductivities described above. For both cases, the peak cladding
temperatures occurred one year after emplacement. The results of the filler calculations, as
compared to the reference with no filler, are presented in Table 6.6.9-2. For consistency, the
filler material cases, which used the SNF assembly model, are compared to the SNF model
with helium fill gas reported in Table 6.6.9-1.

Table 6.6.9-2. Filler Material Comparison

Model MPC Shell Maximum SNF Peak SNF 1
Description Surface Basket Cladding |

Temperature Temperature Temperature

Helium Fill Gas 2220C 2880C 3020C
(from Table
6.6.9-1)

Iron Shot Filler 2080C 2690C 2720C
(k = 4 W/m*K) l

Iron Shot Filler 2090C 3010 C 3100C
(k= I W/m*K)

For each case in Table 6.6.9-2, the basket temperature results from the MPC/waste package
model were used as input to the detailed SNF model. Figure 6.6.9-4 displays a temperature
contour plot of the SNF assembly model for the case of iron shot filler material with thermal
conductivity of 4 W/m*K. This calculation demonstrates that a filler material with a
reasonable conductivity can reduce internal temperatures compared to the case of helium fill
gas only. However, if the filler material bulk thermal conductivity is poor (such as the
conservative 1 W/m*K case), internal temperatures can be increased by the addition of filler
material. This effect can seriously impact large MPC/waste packages where internal
temperatures can approach maximum thermal limitation goals.
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6.6.10 3-D Transient Repository/EBS

The 2-D repository model, described in Section 6.6.6, is adequate for loading scenarios where
the waste package spacing is small enough to neglect axial effects. In the 2-D model, WP
surface and drift wall temperatures represent the average down the length of the drift. While
average drift wall temperatures can be predicted for small waste package spacings, waste
package surface temperatures will always be under-predicted by the 2-D model due to the
axial smearing of the waste package heat load in 2-D. The purpose of the repository
emplacement model is to provide time-dependent boundary conditions for the waste package
model. A logical place to make the transition between the two models is at the waste package
surface which would require a 3-D repository emplacement model.

To fully investigate the thermal loading effects in the near field (especially waste package
surface temperatures), a 3-D transient model is required. Therefore, a 3-D thermal model of
an emplacement drift has been constructed to parametrically determine WP-to-WP interactions
as well as drift-to-drift interactions. The ANSYS finite element code was used to create the
3-D repository emplacement thermal model. Basically, the 3-D model is an extrusion of the
2-D model described in Section 6.6.6. The same layered rock stratigraphy of Table 6.6.6-1 is
assumed including the temperature-dependent rock material properties from the RIB (YMP
1994a) and the invert and homogeneous WP properties from Section 6.6.6;

Figure 6.6.10-1 displays the overall model geometry. Where there were two planes of
symmetry assumed in the 2-D model, the 3-D model has four. The planes of symmetry are
represented by two adiabatic boundaries halfway between the drifts, one through the axial
mid-length of the waste package, and one halfway between two waste packages. The latter is
described more clearly in Figure 6.6.10-2 which is closeup of a 21 PWR waste package
emplacement in a 7.6 m (25 ft) drift. Here, one-half of a waste package and one-half of a
unit drift length are modeled. Like the 2-D model, the waste package is assumed in the
center of an infinite repository. The approximation of an infinite repository is reasonable up
to 1000 years or so after emplacement when repository thermal edge effects (not modeled
here) will begin to influence the cool-down of the center of an actual repository. After about
1000 years, depending on the spacings, the model used here will tend to over-predict near-
field temperatures, so care must be taken in extrapolating in that time frame. This source of
error at later times is quantified in the LLNL benchmark described at the end of this section.

Assuming that there is no forced ventilation of the drifts after waste package emplacement,
the only heat transfer paths between the waste package and the drift wall would be thermal
radiation and natural convection in the drift air. Initial calculations of potential free-
convection cooling cells in the drift have indicated that natural convection heat transfer is
much smaller than thermal radiation heat transfer for in-drift emplacement. Also,
SNL (1981, 6.6-13) showed that radiation heat transfer in a closed SCP-type emplacement
drift is an order of magnitude greater than convective heat transfer. To be conservative, the
complex calculations of natural convection have been neglected and thermal radiation is
assumed the only heat transfer path between the waste package and the drift. Trade-off
studies, using the fluid dynamics code FIDAP to model convection, are in progress.
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To model radiation heat transfer, a matrix of radiation view-factors was explicitly generated
for each element face by the ANSYS code. Figure 6.6.10-3 displays the thermal radiation
edge elements used to generate the matrix. Radiation energy is exchanged between surfaces
only if the surfaces can "see" each other.

The 3-D model of the drift emplacement is bounded by 18'C at the ground surface (the top of
the model) and 31 .7C at a depth of 611 meters (the bottom). The emplacement drifts are
assumed to occur at 311 meters below the ground surface and are assumed to remain open (no
backfill) at all times.

The first analysis investigated the thermal behavior of a single 21 PWR waste package in a
4.3 m (14 ft) emplacement drift. The purpose was to define the limiting case of only one
emplaced waste package in the repository with average SNF characteristics. While an AML
of 0 MTU/acre is not possible with this model (because it implies an infinite drift spacing),
the scenario can be approximated if sufficiently large waste package and drift spacings are
assumed. For very low thermal loadings, drift wall peak temperatures may occur within 10 to
20 years after emplacement. Thus, the model need only be run out to about 100 years to
ensure that peak temperatures have been reached.

The following parameters were assumed for the analysis. The waste package and drift
spacings are large enough so that potential thermal interactions with other waste packages will
not be significant during the 100 year model time.

WP capacity 12 PWRs
Average SNF 22 years old, 42.2 GWd/MTU burnup (M&O, 1993t)
Initial WP heat 5.8 kW
Drift diameter 4.3 m (14 ft)
WP spacing 81.4 m
Drift spacing 40.7 m

Figure 6.6.10-4 displays the temperature contours at the waste package surface temperature
peak time of 3 years after emplacement. The waste package surface reached a maximum
temperature of 100'C in 3 years while the drift wall next to the waste package peaked at 680C
in 5 years. Figure 6.6.10-4 demonstrates how the 3-D model predicts a localized temperature
disturbance around the waste package that would not have been predicted by a 2-D model.
This case shows that there is a lower limit on near-field temperatures for a given waste
package heat output. For the 12 PWR waste package, there is no thermal loading that can
achieve below boiling WP surface temperatures without aging the SNF before emplacement.

For comparison, two additional cases were run representing an AML of 25 MTU/acre. The
first attempted to achieve the lowest practical near-field temperatures by assuming the waste
package spacing and the drift spacing equal to 29 meters. By setting waste package spacing
equal to drift spacing, WP thermal communication down the drift is minimized (assuming a
waste package spacing larger than the drift spacing is not practical or cost effective).
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The second comparison case assumed a minimum waste package end-to-end spacing of
I meter with a drift spacing of 126 meters to achieve the same 25 MTU/acre. This would
represent the minimum excavation (number of drifts) required for 25 MTU/acre with 12 PWR
waste packages.

Figures 6.6.10-5 and 6.6.10-6 display the WP surface and drift wall temperature results for
the 12 PWR waste package emplacement. While 25 MTU/acre is considered a "low" thermal
loading, the case with the large waste package spacing has temperatures about 20'C hotter
than the single waste package case after initial transients. More dramatic are the high
temperatures of the minimum waste package spacing case. While the two 25 MTU/acre cases
will eventually have similar temperatures (after about 500 years), the waste package spacing is
clearly a major factor in short-term near-field temperatures. If the goal of a thermal loading
scenario is to maintain low near-field temperatures, it is obvious that a low AML and a large
waste package spacing are required.

To further investigate near-field thermal behavior, several other cases were developed for the
3-D repository emplacement model. Waste package capacity, emplacement drift diameter,
thermal loading, and waste package spacing will all affect near-field temperatures and must be
analyzed parametrically. Assuming a 21 PWR capacity waste package, two drift diameters of
4.3 m (14 ft) and 7.6 m (25 ft) and eight thermal loading scenarios were investigated. Table
6.6.10-1 lists the emplacement parameters for each scenario. Thermal loadings were based on
an assumed minimum waste package spacing for the 21 PWR waste package of 15.9 m, and
waste package spacings equal to drift spacings (square emplacement). Equation 6.6.6-3
provides the relationship between thermal loading and emplacement spacings. All cases
assumed average SNF characteristics of 22 years old, 42.2 GWd/MTU.

Table 6.6.10-1. Thermal Loading Scenarios

l AML | Initial APD | Waste Package | Drift
MTU/acre | kW/acre Spacing [ Spacing

100.2 114 15.9 m 22.9m r

87.9 100 15.9 m 26.0 m

50.1 57 15.9 m 45.7 m

30.8 35 15.9 m 74.4 m

17.8 20 15.9 m 130.2 m

50.1 57 27.0 m 27.0 m

30.8 35 34.4 m 34.4 m

| 17.8 20 45.5 m 45.5 m
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While the results of all sixteen cases (two drift diameters for eight loading scenarios) are not
included here, some important summaries are provided. Figures 6.6.10-7 and 6.6.10-8 plot
waste package and drift wall temperatures, on a logarithmic time scale, for three thermal
loadings with a 4.3 m (14 ft) diameter drift. For each case, a 15.9 m WP spacing was
assumed for 100 kW/acre and lower loadings were achieved by increasing the drift spacing
only. Because all three cases have the same waste package spacing, the early temperatures
are nearly identical. When drift-to-drift thermal interactions occur, in about 10 years
depending on the drift spacing, the cases diverge in temperature. At later times, the
temperatures will be characteristic of the assumed AML only.

Figure 6.6.10-9 plots a comparison of the effects of drift diameter for thermal loadings of 100
and 50 MTU/acre. During the operation phase of the repository, the smaller drift would result
in about 12'C higher near-field temperatures. As seen in Section 6.6.3, the effect of smaller
drifts will increase as the diameter is decreased, bounded by the case of horizontal borehole
emplacement, which is prohibitively hot for large waste packages. The temperature drop from
WP surface to drift wall will depend on the surface area of the drift wall that can receive the
waste package heat. Smaller drift diameters have a smaller drift wall surface area and allow
the waste package to spread less of its heat down the emplacement drift length. At later times
(hundreds of years post emplacement), the temperature drop from WP surface to drift wall is
small and drift diameter is less important, unless the drift is backfilled with a relatively
insulating material.

Figure 6.6.10-10 demonstrates the impact of waste package spacing on near-field
temperatures. As seen in Figures 6.6.10-5 and 6.6.10-6, waste package spacing has a dramatic
impact on thermal behavior for the same thermal loading. The impact is highest for low
thermal loadings like 20 kW/acre (17.8 MTU/acre) where one would expect moderate to low
temperatures. Figures 6.6.10-11 and 6.6.10-12 display temperature contours at 5 years post
emplacement for the cases plotted in Figure 6.6.10-10. Figure 6.6.10-11 represents
20 kW/acre with a waste package spacing of 15.9 m, and Figure 6.6.10-12 represents 20
kW/acre with equal waste package and drift spacings. In both figures, temperature contours
have been set such that red represents above boiling temperatures. At 20 kW/acre, drift wall
temperatures exceed the boiling point for 80 years for the small WP spacing case, compared
to the square spacing case where only the invert is above boiling.

It is important to note that the analyses described here assume a 22 year old PWR assembly
with a burnup of 42.2 GWd/MTU (an assumed average). Therefore, the results describe only
the average waste package (i.e., half of the waste packages will be hotter). The detailed
waste package evaluations, which use as boundary conditions the results of these analyses,
estimate internal waste package temperatures assuming design basis SNF characteristics to
ensure that thermal goals have been attained. While all the waste packages (hot and cold)
will collectively influence repository temperatures (average SNF characteristics), every waste
package must meet thermal goals (design basis characteristics).
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Figure 6.6.10-13 plots waste package surface temperatures for three thermal loadings with a
21 PWR waste package in a 4.3 m (14 ft) drift. In contrast to Figure 6.6.10-7, Figure
6.6.10-13 plots temperatures for the case of equal waste package and drift spacings. There is
concern over large waste packages in a so-called "cold" repository (low thermal loads) due to
possible aggressive corrosion at the waste package surface. While there are insufficient test
results to make a quantitative judgment of the corrosion impact, there is considerable evidence
that aqueous corrosion is significantly more aggressive at temperatures between 60 to 100°C
(see Aggressive Zone on Figure 6.6.10-13). This would primarily affect low thermal loadings
where the relative humidity at the waste package surface can be over about 70 percent. A
larger segment of the repository will experience this potentially poor corrosion environment
for low thermal loadings than for high thermal loadings. In addition, preliminary calculations
by T. Buscheck of LLNL (1994a, 1994b) indicate that the higher thermal loadings yield
significantly drier conditions throughout the repository than the low thermal loadings. To
achieve cool surface temperatures with large waste packages at low thermal loadings, the
waste packages can be spaced far apart and the SNF can be aged before emplacement.
However, for the 21 PWR package, SNF ages of up to 100 years could be required to escape
the aggressive zone for low thermal loads.

There is also concern that, at temperatures below the boiling point and at relative humidities
above about 70 percent, microorganisms are potentially active which could initiate
microbiologically influenced corrosion (MIC). Figure 6.6.10-14 displays the MIC active
zones compared to the same waste package surface temperature histories provided in Figure
6.6.10-13. A significantly more costly overpack may be required for the large waste package
at low thermal loads to withstand MIC. If aging of the SNF is not possible or practical, a
relatively more costly disposal overpack (compared with the two barrier reference) could be
developed to withstand the aggressive environment of aqueous corrosion and MIC at low
thermal loadings.

The 3-D repository emplacement model assumed a constant temperature boundary condition
of 31Y.TC at the assumed water table depth of 611 meters. Analysis performed at LLNL
(1994a) have found that there may be insufficient water circulation at the water table, due to
low permeabilities, to maintain a constant temperature at that depth. Therefore, the 3-D
model has been modified to lower the bottom boundary condition to a depth of 1300 meters.
This depth will ensure that the thermal behavior of the repository horizon will not be affected
by this boundary condition assumption for over 1000 years of model time. Since bulk rock
material properties for strata below CHn2 are not available in the RIB (YMP, 1994a),
properties for CHn2 will be assumed to persist below its lower contact of 535.2 meters.

Figure 6.6.10-15 displays the improved model geometry developed. A second change was
also implemented that added a 100 mm metal (assumed A 516 carbon steel) overpack to the
waste package in the model. By assuming, in the 3-D repository model, homogenous
properties for the waste package, the previous model had slightly over-predicted the
temperature difference between the end and mid-length of the waste package. The metal
overpack will spread the heat more evenly over the surface of the waste package as would be
expected in the multibarrier design.
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Two benchmark cases were prepared with the improved model geometry. The first is a
comparison with evaluations performed at LLNL. The LLNL code V-TOUGH (LLNL,
1994b) is a multidimensional numerical simulator capable of modeling the coupled transport
of water, vapor, air, and heat in fractured porous media. While the V-TOUGH thermo-
hydrological calculations include coupled water and heat transport, the complexity of the
solution allows less detail in the waste package near field. Using the ANSYS 3-D model, a
conduction/radiation solution with modified heat capacitances to approximate boiling and
condensation, a comparison case was prepared. The following parameters were assumed for
the analysis:

WP capacity 21 PWRs
Average SNF First 2 years of youngest-fuel-first waste receipt (M&O, 1993t)
Initial WP heat 3.7 kW
Drift diameter 7.6 m (25 ft)
Area mass loading 110 MTU/acre
WP spacing 12.0 m
Drift spacing 21.7 m

Figure 6.6.10-16 displays the comparison results for the LLNL benchmark. The inflection in
the temperature behavior during the first year is due to the "ramp" increase in the average
waste package heat during that time based on expected SNF receipt at the repository. After
one year, the SNF type is fixed and the heat decay curve is a smooth logarithmic decay. Note
also that Figure 6.6.10-16 is plotted on a logarithmic time scale.

The V-TOUGH model conservatively over-predicts waste package surface temperatures in the
early time compared to the ANSYS model which has greater detail in the near field.
However, after 1000 years, the ANSYS model over-predicts temperatures due to its
assumption of an infinite repository (described earlier) compared to the V-TOUGH model
which assumes a disk shaped repository to capture edge effects. A second V-TOUGH
thermo-hydrological model (LLNL, 1994b), which is similar in geometry to the 2-D
repository model described in Section 6.6.6, encountered the same limitations of neglecting
repository edge effects after 1000 years as the ANSYS model described here.

The second benchmark test compared the ANSYS 3-D repository emplacement thermal model
to a similar 3-D thermal model employed by SNL. The SNL model, using the code
COYOTE, also assumes a conduction solution with modified bulk rock heat capacitances. In
the SNL model, radiation heat transfer between the waste package and the drift wall is
modeled by defining a drift equivalent material. The conductivity of this material was a
constant 20 W/m*K derived from Equation 6.6.4-2. The following parameters were assumed
for the COYOTE and ANSYS comparison analysis:
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WP capacity 21 PWRs
Average SNF 22 years old, 42.2 GWdIMTU bumup (M&O, 1993t)
Initial WP heat 10.2 kW
Drift diameter 4.3 m (14 ft)
Area mass loading 111 MTU/acre
WP spacing 16.0 m
Drift spacing 20.5 m

Figure 6.6.10-17 displays the comparison results for the SNL benchmark. Slight differences
in waste package surface temperature predictions were observed due to the different methods
of estimating radiation heat transfer. However, the drift wall surface temperature differences
were less than 50C and represent a near-perfect match.

Current activities for the 3-D model include preparing waste package concept thermal histories
as input to this year's system studies. Parameters of the analysis include waste package
capacities of 12 and 21 PWRs and representative thermal loadings of 83 and 24 MTU/acre.
For the low thermal loadings, 16 meter waste package spacings, and equivalent waste package
and drift spacings are being considered. Preliminary analyses indicate results consistent with
those reported above.

In the future, the 3-D repository emplacement thermal model will be used to predict waste
package surface temperature behavior for use as boundary conditions to detailed waste
package thermal models. The model will also provide parametric trending for thermal loading
studies. Validation activities for these modeling tools are proceeding in parallel with efforts
to verify and validate the ANSYS code for use in quality affecting work.

6.6.11 Waste Package/EBS Thermal Behavior Conclusions

Several factors contribute to the thermal behavior of the waste package/EBS. Design basis
SNF characteristics and waste package capacity determine the heat produced; materials of
construction, basket design (flux trap or burnup credit), emplacement mode, and tunnel
diameter determine the waste package's ability to expel its heat; and thermal loading of the
repository determines the environment around the waste package. Waste package/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 waste package
thermal behavior with applied boundary conditions from the repository analysis.

Long-term thermal behavior of the repository rock is primarily a function of the area mass
loading 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 waste
packages. Thus, specifying an initial APD in kW/acre will not determine the thermal
response because the APD will change with time differently depending on the average SNF
characteristics. For a given AML and assuming average SNF characteristics, the average host
rock temperatures can be determined and applied as the environment for a detailed thermal
analysis of the near-field.
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To capture a majority of the SNF, the WP must be designed and evaluated to accommodate
the bounding or limiting case of fresh SNF which has a thermal output much higher than
average. Thus, a design basis SNF can be determined which can be considered the hottest
SNF that could be loaded and emplaced in that waste package. The detailed waste
package/EBS evaluation would then represent the hottest waste package in the repository at a
given thermal loading with average SNF. While all of the waste packages (hot and cold) will
collectively influence repository temperatures (average SNF characteristics), every waste
package must meet thermal goals (design basis SNF characteristics).

Recent interest has centered on the large multibarrier drift emplaced waste package with
capacities of up to 21 PWR assemblies. Given that higher capacity waste packages are more
likely to exceed thermal goals than smaller ones in the same repository thermal environment,
the choice of a design basis SNF is important because it will directly limit the number of
assemblies that can be loaded and still meet thermal goals. The limiting thermal goal for
large waste packages is 350'C at the SNF cladding. For the MPC conceptual design with 10
year old, 40 GWd/MTU burnup SNF, the 21 PWR capacity is considered at or above the
maximum allowable.

All the above factors affect the timing of peak temperatures as well as the magnitude. Host
rock temperatures will peak from 20 to 500 years depending on the thermal loading but
largely independent of the individual waste package design. The waste package will
experience its peak between initial emplacement and the repository peak depending on the
design basis SNF and the basket/container design. For the large waste package, higher
conductivity SNF baskets were seen to lower and delay the peak temperatures experienced.
The choice of the design basis SNF is of key importance. Younger SNF types produce high
peak temperatures within the first year which then drop off quickly. Older SNF (at the same
APD, but not AML) produces lower and later peaks with more stable and higher long-term
temperatures.

Although the definition of Cold Repository has not been determined, the large waste package
may preclude such a scenario because of the localized high temperatures immediately
surrounding the 21 PWR capacity waste package. Preliminary analyses show that even at low
thermal loads such as 35 kW/acre, near-field temperatures can exceed the boiling point for
short periods of time. In any case it would not be possible to emplace 63,000 MTU of SNF
in Yucca Mountain without introducing significant thermal perturbations in the host rock.

6.6.12 Work in Progress/Future Work

The 2-D repository model is adequate for loading scenarios where the waste package spacing
is small enough to neglect axial effects. In the 2-D model, waste package surface and drift
wall temperatures represent the average down the length of the drift. To fully investigate the
thermal loading effects in the near field, a 3-D transient model is required. Therefore, a 3-D
thermal model of an emplacement drift has been constructed to parametrically determine WP-
to-WP interactions as well as drift-to-drift interactions. Both cold and hot thermal loadings
have been considered with two waste package capacities; 21 and 12 PWRs. This 3-D
emplacement model will be further refined, and will be expanded to include other waste
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package capacities, designs, and emplacement configurations such as alcove and horizontal
borehole emplacement.

Currently, radiation is considered the dominant and only heat transport mechanism between
the waste package and the drift wall. Analyses will be performed to determine what portion
of the heat is actually transferred by convection. A model of the emplacement drift will be
developed to investigate gaseous mass transport in competition with thermal radiation. Forced
convection (active drift cooling) with radiation will also be investigated. Backfilling of the
drift at repository closure will halt any convection or radiation; however, the crushed tuff can
be considered a thermal insulator and will introduce significant temperature transients.
Because of the insulating effect, the time of backfill could be the hottest point. The effect of
backfilling will be investigated with the 3-D model.

The detailed waste package is still integral to the evaluation of the advanced conceptual
design concepts. The effects of specific designs and material selections cannot be adequately
modeled with the coarse 3-D repository model. Each ACD concept, including the
uncanistered SNF designs, will be analyzed in 2-D detail with the 3-D repository model
supplying boundary conditions. Conclusions can then be made concerning the thermal effects
of alternative materials in waste package construction.

A significant source of error in the 2-D waste package model is the estimation of SNF peak
cladding temperatures. In thermal calculations performed by the MPC conceptual design
team, hand calculations using the Wooton-Epstein (1963) correlations estimated peak cladding
temperatures based on the maximum basket temperature results from the HEATING model of
the MPC. A second method of estimating cladding temperatures is to assume an effective
conductivity for the assembly volume in the FEM model of the WP. If the conductivity is
chosen carefully, the FEM model will predict peak temperatures in the smeared-property
assembly volume that are close to actual temperatures. To determine the appropriate effective
conductivity, a detailed 2-D model of a typical SNF assembly has been developed with
Zircaloy clad fuel pellets producing heat based on a variety of SNF characteristics. Modeling
both radiation heat transfer and the gaseous transport of heat, temperature drops across the
assembly can be used to estimate an effective conductivity for use in the 2-D waste package
model. Refinement of this model will continue, and it will be used to estimate the peak
cladding temperatures in future waste package models.

Generally, three models will be utilized to determine waste package thermal behavior; the 3-D
repository emplacement model, a detailed waste package model that is specific to current
designs, and the SNF assembly model. Current activities include verification and validation
of the models and the analysis software. This modeling capability will provide the tools
necessary to evaluate vendor MPC designs and ACD waste package options.
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6.7 STRUCTURAL EVALUATION

6.7.1 Review Requirements

In order for the WP to be acceptable, it must be shown that it complies with all regulations
and requirements that govern the containment of radionuclides. The regulations that the
design must meet include, but are not limited to, 10 CFR 20, 10 CFR 60, and 40 CFR 191.
These requirements stipulate that the WP must remain intact as a unit for containing spent
fuel and provide for the safe handling of the waste, at least until the end of the period of
retrievability. The repository (and therefore the WPs) must be designed to preserve the option
of waste retrieval throughout the period during which wastes are being emplaced. The WP
must also be capable of sustaining normal handling, packaging and operational loads without
loss of containment. Furthermore, it must be shown that the WP can survive design-basis
accidents either without loss of containment or with a limited release of radionuclides.

6.7.2 Loading Conditions

Physically, the loaded WP must be able to endure accident loads (e.g., a drop) as well as
normal operational loads (e.g., lifting). These structural loading conditions will be evaluated
for each of the advanced conceptual design concepts. Handling methods will be developed
and analyzed to ensure that the integrity of the WP is maintained throughout the repository
system. As outlined in the WP Implementation Plan (YMP 1993f), mechanical analyses of
the WP/EBS will include the following:

A. Emplaced Loads

1. Internal Loads

* SNF/HLW Loads
* Differential Thermal Stresses
* Residual Fabrication Stresses
* Internal Structural Loads.

2. External Loads

* Imposed Loads such as Rock Fall and Backfill Loads
* Repository Operational Loads
* Seismic Loads.

B. Transportation Loads

1. Internal Loads

* SNF/HLW Loads
* Differential Thermal Stresses
* Internal Structural Loads.
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2. External Loads

* Handling Accidents
* Repository Operational Loads, i.e., Transporter Induced Loads.

C. Hot-Cell Loads

* Handling
* WP Loading.

Some of the many factors considered during reference and alternative WP design development
include component material selection, manufacturing and assembling feasibility and the ability
to predict their performance under repository conditions. The principal goal of the WP
development effort is to create WP designs that will be licensable; designs which will meet
regulatory requirements with sufficient margin that the NRC will find that compliance has
been achieved with reasonable assurance. This goal drives the design effort to the
consideration of robust, multibarrier WPs which are tolerant of a range of repository
conditions.

The large multibarrier WP would be drift emplaced, and thus may be subjected to a tunnel
collapse or an individual rock fall. Rock movement may impart mechanical and thermal loads
to the emplaced WPs, particularly during the early postclosure period when the rock
temperature is increasing. The rock load could be a result of rock expansion and rock fall or
by rock instability caused by a phase transformation in the rock. The transformation of the
mineral cristobalite, from the alpha to beta structure (this occurs at about
2250 C), causes a
volume expansion. Drift-emplaced WPs have a greater exposure to rock fall
even though the rock is likely to be cooler and go through a slower thermal
cycle than for borehole emplacement. However, the wall thickness for drift-
emplaced WPs is expected to be much thicker than the SCP-CDR reference design
so that the consequence of a rock fall is reduced. In addition, drift-
emplaced packages can be inspected during the preclosure period and steps can
possibly be taken to mitigate further rockfall.

In an attempt to quantify the effect of a rock fall on the multibarrier drift
emplaced WP, some preliminary scoping calculations have been completed.
This preliminary work represents the continuation of parametric analyses of
the multibarrier WP.

6.7.3 Scoping Analyses of Rock Drop Effects on Drift-Emplaced Waste Packages

A preliminary scoping analysis is in progress to determine the effects of potential rock falls
on horizontally-drift emplaced WPs. This section will describe the work accomplished and
the focus of future studies.

6.7.3.1 Procedure
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Quantifying the effects of a large rock fall onto a drift-emplaced WP is a complex task. In
order to perform a preliminary scoping analysis, assumptions and simplifications must be
made. The most important assumption is that the actual event (a large rock fall) will occur
(currently estimated at 7x10-6 per year) (M&O, 1994g). It is also assumed that the rock does
not break apart upon impacting the WP (perfectly plastic impact) and the entire energy of
impact will be imparted to the WP. This is a conservative and simplifying assumption that
presumes all kinetic energy will be imparted to the WP rather than into mechanical energy to
shatter the falling rock.

The following calculations are considered conservative since the evaluation considers only the
elastic region of the material stress-strain curve. Failure of the WP is equated with barrier
failure, which is a plastic phenomena. No structural credit is given for the contents of the
WP (MPC, WP basket and SNF, or DHLW).

In order to determine the cross-sectional and axial strengths of the WP, the WP is modeled in
two separate ways, as a three-dimensional tubular beam and as a two-dimensional annular
ring. The stiffness of this annular ring is determined analytically and using finite element
analysis (FEA).

6.7.3.2 Cross-Sectional Analysis

The analysis uses a two-dimensional annular ring as a model. Impact forces may be analyzed
using the principle of conservation of energy. The following assumptions are made (PoPov,
1976):

* The WP behaves elastically and no energy is dissipated at the point of impact owing to
local inelastic deformation.

* The inertia of the system (WP) resisting an impact may be neglected.

* The deflection of the WP is directly proportional to the magnitude of the applied force
whether a force is dynamically or statically applied.

By using the conservation of energy, it is assumed that the instant the moving body (the rock)
stops, its kinetic energy is completely transformed into the internal strain energy of the
resisting system. At this instant, the maximum deflection of the WP occurs.

In this model, the WP is assumed to behave as a spring. As such, the stiffness was
determined analytically and by the FEA method.
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(Equation 6.7.3-1)
Where:

kV = Vertical stiffnessla
R = Radius of annular ring centroid k1
E = Young's modulus kV

= Moment of inertia
= Correction for hoop stress (unity)
= Stiffness

The analytical result yields (Roark and Young, 1982) a stiffness value of

kV = 8.6E+12 N/m

The finite element methods yields similar results.

The stiffness constant is a value proportional to the amount of deflection which results from a
given force.

The potential energy of the rock at the highest point in the drift is used to determine the
amount of vertical deflection (most limiting) that occurs:

k sv

(Equation 6.7.3-2)

Where:

Px

PErock

ksv

Vertical displacement
Potential energy of rock (at height = 2 m)
Vertical stiffness
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By assuming that the 21 PWR WP is a thin-walled pressure vessel with sealed ends, the
deflection arrived at from equation 6.7.3-2 may be used to determine a stress correlation using
Equations 6.7.3-3 through 6.7.3-6. (Roark and Young, 1982)

(Deflection) axmO.082 B 5 PR L 5 t 2 25 E- 1

(Equation 6.7.3-3)

(Circumferential ( 2 = -0.13*B-*P-R 0 75 b- 1 5- -1.25
membrane
stress)

(Equation 6.7.3-4)

(-B)I P 025 -b5 t-1.75
(Circumferential bending 03
stress)

(Equation 6.7.3-5)

Where:
B = [12.(1 - v2)1O 2

(Equation 6.7.3-6)
And:

P = Load
R = Mean radius of vessel
b = Radius of load area
v = Poisson's ratio
t = Thickness of vessel wall
L = WP length

6.7.3.3 Results

Based on a mean radius of 707 mm, wall thickness of 120 mm, and 5000 mm length, a
12,000 kg object falling a height of two meters (a 14 foot drift is assumed) will result in
circumferential membrane and bending stresses (compressive) of 161 and 86 MPa,
respectively. If the outer barrier has mechanical properties similar to 1020 carbon steel, the
limiting factor of safety (FS) is 2. A deflection of 0.23 mm will occur, roughly equivalent to
the load resulting from a 60,000 kg static mass placed on top of the WP. The value of
12,000 kg was determined iteratively. A 12,000 kg spherical rock would be 2.1 meters in
diameter, based on the grain density of the rock in the repository horizon. (LLNL, 1993)
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This indicates that cross-sectionally and discounting the structural benefits of a basket, the
WP is vely robust.

6.7.3.4 Axial Analysis

The WP may also be modeled as a thick, hollow, horizontal simply-supported beam. Again,
the structural benefits of the WP internals are not included in the model. Equation 6.7.3-7
provides the stiffness of the beam:

k beam' 4 'E-I
L3

(Equation 6.7.3-7)

Equation 6.7.3-2 is then used to determine the magnitude of deflection (ox) to an impact with
an object of an assumed mass. The vertical deflection is then converted to a horizontal strain,
Al:

Al- (<)2 X
L

2

(Equation 6.7.3-8)

Where L = effective supported length of WP. The strain is then determined:

Al

(Equation 6.7.3-9)

6.7.3.5 Results

This approach proves to be more conservative than the annular ring model. Impacts from
objects having masses of 25,000 kg and dropping 2 meters should not cause plastic
deformation in the longitudinal direction.
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The WP is extremely robust axially. This is shown even for the worst case, which assumes
two simple supports at each end.

6.7.3.6 Conclusion

These two analyses seem to indicate that cross-sectionally, the WP may be less robust than
axially. The analyses of Section 6.7.6, Buckling Analysis of Basket Assembly, indicate that
the structural strength of the WP basket design cannot be neglected when rock fall effects are
considered. Future work will include a detailed WP model, including the basket and inner
barrier. More consideration will be given to the material properties of the dropping "rock" in
order to determine, among other things, the percentage of energy imparted on the WP during
impact.

These two analyses serve as a basis for continuing studies to determine important WP
development parameters which range from barrier thickness to WP support. Other work in
this area should include transient dynamic structural analyses. The number, type of, and
spacing of WP emplacement supports should be examined. Three or more compliant supports
would limit the severity of a mid-span impact by transferring some of the impact energy to
the supports and minimizing the magnitude of deflection. The effects of these support
concepts will be included in future analyses.

6.7.4 Transient Dynamic Loading (Two Meter Drop Evaluation) Analysis

6.7.4.1 Introduction

Prior to licensing, it must be shown that the WP can survive certain accident conditions
without resulting in a breach of radionuclide containment. Possibly the most extreme off-
normal situation that may arise is the inadvertent drop of the container. A preliminary
analysis has been conducted to determine the effects of an empty WP container being
dropped. This will eventually lead to a full three-dimensional transient structural finite
element analysis.

6.7.4.2 Theory and Background

The response of materials and structures to impact loading involves a complex mechanism.
The behavior of impacted solids can be evaluated in two different regions of the stress-strain
curve. For loading conditions which result in stresses below the yield point, materials behave
elastically. In this case, Hooke's law can be applied to the metals. As the load is increased
on the material, it is driven into the plastic range where large deformations and material non-
linearities occur.

The impact of a striker onto a target results in stress wave propagation in both materials. In
our case, striker body is the outer barrier of the canister (12 PWR), and target is the platform.
The mechanism of this dynamic loading can be explained starting from the time of contact
between the two surfaces. Immediately after impact, the top surface of the platform acquires
the velocity of the barrier and a compression wave propagates in the platform having a
velocity depending on the material characteristics. The barrier decelerates under the action of
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compressive force in the platform at the interface with the barrier. Meanwhile, the pressure
of the platform on the barrier decreases as the velocity of the barrier decreases. The pressure
wave is then reflected in the platform. When the reflected wave returns to the free surface, it
accelerates the barrier. Thus the barrier rebounds from the surface of the platform with a
velocity less than initial impact velocity and the barrier is left in a state of vibration.

The final stage of this mechanism involves two different concepts. Below a certain speed
corresponding to the yield stress of the materials, elastic hysteresis damping causes the elastic
waves to attenuate slowly. In other words, energy is converted into elastic waves which are
eventually absorbed. Above this speed, barrier becomes plastically deformed and the elastic
wave is followed by a plastic wave in the material.

6.7.4.3 Model Development

The ANSYS finite element analysis code was used to simulate one of the accident scenarios
considered for WPs. The first model consists of a coarse element mesh for the outer barrier
that is vertically released onto the platform at a certain height. After the impact, elastic wave
propagation on both barrier and the platform was clearly observed. The change in the stress
magnitude with respect to time was also determined for each node in the model.

Two different parameters were found to be effective on the results obtained for this
simulation. As the number of time intervals was increased, more accurate results were
obtained at the expense of computer execution time. The selection of stiffness value was also
critical since the penalty function method was used to represent contact. The function of this
method is to satisfy the contact compatibility between the surfaces. The contact force is
determined by the following relation:

Fn = KJng if g < °
= 0 ifg>0

Where, Fn = contact force
g = magnitude of the gap
Kin = contact stiffness

As the above equation implies, stiffness can be multiplied by deflection only when two bodies
come into contact.

A large stiffness value usually satisfies contact compatibility, but too large of a value leads to
stiffness matrix ill-conditioning and divergence may result. An extremely small stiffness
value would result in compatibility violations. Thus, an optimal value for the contact stiffness
is one that is in between and is arrived at iteratively.

Three-dimensional brick elements were used to model both the barrier and platform bodies.
Corresponding material properties and real constant sets were also assigned to both. Contact
elements were then incorporated into the model in order to simulate penetration of the striking
body into the target. Nodes in the contact body (barrier) and target were selected in such a
way that materials would come into contact at points of intersection. Having the results of
this impact model evaluated, the number of elements used for the barrier was increased in
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order to obtain a more accurate stress distribution. In the next model, the drop angle was also
changed from a vertical position to 45° from the horizontal. This alignment results in a stress
concentration at the edge of the barrier having initial contact with the platform.

6.7.4.4 Results

Figure 6.7.4-1 illustrates the results of one analysis. The behavior of the two impacted bodies
observed in this analysis is consistent with previously mentioned theoretical descriptions. This
study, however, only included the outer barrier of the 12 PWR WP. Future work will call for
a simulation that will include the inner barrier, basket, lids, and other details in the WP
assembly.

6.7.5 Buckling Analysis of the Outer Barrier (12 PWR)

6.7.5.1 Background

In support of analyses to determine WP robustness when exposed to normal and off-normal
conditions, a set of preliminary static structural finite element analyses have been conducted.
The following describes an eigenvalue buckling finite element analysis conducted on the WP
outer barrier design. The analysis was verified using the classical critical buckling load and
stiffness equations.

6.7.5.2 Buckling Analysis of Outer Barrier

The model-building procedure for the outer barrier begins with a selection of appropriate
elements. Three types of element meshes were used to provide a comparison. Their
respective results in buckling analyses were compared in order to determine which is the most
accurate one.

After defining key points, lines, and areas, the 2-D mesh was extruded into a 3-D model.
Boundary conditions and external forces were then implemented on the model. Finally,
eigenvalues and eigenvectors were extracted for the first buckling mode.

Model details include:

* The first model was built with shell elements (shell43) which are well suited to model
nonlinear shell structures. The total number of elements used was 192 and the
resulting eigenvalue was determined as 1.1738*109.

* Solid73 tetrahedral elements were used in the second model since there is a historical
prejudice against triangular elements, this model was built to determine if it can be
justified to avoid using these elements for this specific buckling problem. The solution
obtained for 1748 elements resulted in an eigenvalue of 1.1693* 109.
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Transient Analysis of 12 PWR

Figure 6.7.4-1. Transient Analysis of 12 PWR
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* The third model consists of 576 solid73 (brick) elements, and the resulting eigenvalue
was 1.1754*109. In fact, this is eight node version of the structural solid element with
rotational degree of freedoms. Therefore, the only difference between the brick and
tetrahedral elements is the number of nodes used for their geometries.

The results were verified with the theoretical buckling load factor value calculated by the
following relation:

n2 *E*I
,cr= 2

'4ff

(Equation 6.7.5-1 )

This equation is obtained for a column under compression load P (Edwards). The upper
boundary condition is free end; the lower one is fixed cantilever. This implies that the
effective length is to be calculated by:

Leff = 2.1*L

Where:

Length, L = 5.3 m
Young's modulus, E = 206.84* I09 Pa
Outer diameter, D = 1.32 m
Inner diameter, d = 1.12 m

Inertia is given by,

o s(D 4 -d 4)
64

(Equation 6.7.5-2)
and calculated as, I = 71787*106 m 4

After the required parameters are plugged into Equation 6.7.5-1, the theoretical buckling value
is found as 1.1830*109 newtons. The comparison of theoretical result with the others shows
that the 3-D solid mesh model with brick elements gives the most accurate eigenvalue with
fewer elements. Therefore, solid73 brick elements are preferred over the tetrahedral and
shell43 in this analysis.
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Stiffness Calculations for Outer Barrier (12 PWR):

In order to determine the deflection of a homogeneous (constant Young's modulus, E) rod,
having a uniform cross sectional area A, and loaded at its ends, the following relation is used:

d=P*L
A*E

(Equation 6.7.5-3)
Where

d = Deflection
P = Load
L = Length

The force-deflection relation, P=k*d, can also be used to find the stiffness in terms of area,
Young's modulus, and length:

k=A*E
L

(Equation 6.7.5-4)

Outer diameter of the outer barrier = 1.32 m
Inner diameter = 1.12 m
Therefore, area = 383274* 10-6m2

Young's modulus, E = 206.84* 109 Pa
Length, L = 5.3 m

The stiffness is calculated from equation 6.7.5-4:

k = (383274* 10-6)*(206.84*109)/5.3 = 14.9*109N/m

This value for the stiffness can also be verified by the use of an outer barrier model created
by ANSYS finite element analysis code. A unit tensile load of 1 N is applied to the nodes at
the upper surface of the barrier and the resulting displacement values are obtained. A
stiffness is then calculated by the simple force-deflection relation mentioned above.

Maximum deflection = 0.682* 10-10 m, Load = 1 N.

Therefore, k = 1/0.682*10-1 = 14.66*10 9 N/m.

The difference between the two values results from the tensile load on the upper surface of
the barrier which is approximated by a uniform distribution.
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6.7.5.3 Conclusion

Figure 6.7.5-1 illustrates the results of this analysis. The finite element analysis (which has
been verified by the above calculation) shows the structural robustness of the WP outer barrier
design. This provides a preliminary indication of the ability of the outer barrier design to
handle normal and off-normal situations such as the standing-on-end of the WP and the
consequences of end drops. Future analyses will involve non-linear buckling analyses and
may include the inner barrier and the WP basket structure.

6.7.6 Buckling Analysis of Basket Assembly

6.7.6.1 Introduction

A preliminary evaluation of the structural integrity of the UCF interlocking grid design WP
was performed. The goal of the analysis was to determine the magnitude of load required to
buckle a 12 PWR basket assembly if it were fully loaded with fuel assemblies and a filler
material.

6.7.6.2 Procedure

The evaluation was performed using ANSYS (revision 5.0A) Finite Element Analysis code on
a Hewlett-Packard 735 workstation. The analysis type is a static 2-D eigenvalue buckling
analysis. Plane42 2-D plane elements were used in the construction of the model. Table
6.7.6-1 outlines the parameters used in the analysis.

Table 6.7.6-1. Parameters used in Eigenvalue Buckling Analysis

I Parameter I Value I

Material SS 316L

Poisson's Ratio 0.29

Young's Modulus 193 GPa

Pressure on Basket 314.4 kPa

Element Type PLANE42

The basket structural members consist of 20 mm thick, 20 mm long slotted SS 316L plates.
The plates have been assembled in an "egg crate" fashion which results in structural rigidity
and compliance. The 2-D model represents an assembly which has been welded. A
concentrated unit load of I newton placed on the center nodes of the middle support member
provides the buckling reference load.
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6.7.6.2 Results

Figure 6.7.6-1 provides a description of the critical buckling mode shape. The critical
buckling load determined for center structural member is 1.6 million newtons. This force is
required in addition to the combined loading of the contents of each cell (SNF assemblies and
optional iron shot filler material).

This analysis is conservative because the assumption is made that filler material is included.
Filler material has the effect of doubling the mass of the cell contents. Furthermore, no
structural credit is taken by other structural basket stages and the WP inner and outer barriers.

Further work in this area consists primarily of including the inner and outer barrier in the
buckling analysis. A nonlinear buckling analysis will also be conducted.

6.7.7 Static Loading Analysis of Basket Assembly

6.7.7.1 Introduction

A static structural finite element analysis of the UCF interlocking grid design WP and an
individual basket shelf was performed. The goal of the analyses is to determine the
magnitude of stress that results on the basket assembly as a whole and an individual shelf
when a 12 PWR basket structural assembly is fully loaded with fuel assemblies and a filler
material.

6.7.7.2 Procedure

A model similar to that used in the buckling analysis was employed in this static structural
analysis. The same parameters listed in Table 6.7.6-1 were also used in the analysis. The
loading consists only of normal distributed pressures which would be exerted on the basket by
spent fuel assemblies and filler material.

6.7.7.3 Results

Figures 6.7.7-1 and 6.7.7-2 are stress distribution plots generated by the ANSYS FEA code.

For the basket assembly analysis, the maximum stress occurs at the bottom of the center
structural member. This is due to the combined weight of all cell contents being supported
mostly by the center member. The maximum von Mises stress (30.4 MPa) that results is less
than 20 percent of the 0.2 percent offset yield strength of 316L stainless steel (172 MPa).

The individual shelf assembly analysis results in maximum von Mises stresses of 1.6 MPa;
this is less than 0.2 percent of the 0.2 percent offset yield strength of 316L stainless steel.

These two analyses serve to prove the structural robustness of the basket design. Future work
in this area will include static analyses of various loading geometries so that the effects of
conditions such as rotation of the package will be known.
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6.8 NEUTRONICS EVALUATION

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
6.8.1 presents a discussion of the primary differences, and the fuel characteristics used in the
different analyses. The criticality control and radiation shielding evaluations that have been
performed will be discussed separately in this report. Before the neutronics evaluations are
discussed, the verification of the neutronics computer codes for quality affecting work is
described in Section 6.8.2. Sections 6.8.3 and 6.8.4 contain the description of the criticality
control and radiation shielding evaluations and their results. Section 6.8.5 completes the
neutronics evaluation section with a summary of the past two year's evaluations and the plans
for future neutronics evaluations.

6.8.1 Design Basis SNF Characteristics for Neutronics Evaluations

SNF characteristics are used to evaluate the neutronics performance of WP designs. Design
basis SNF characteristics are selected to provide a bounding assessment of a WP design's
performance in meeting the neutronics requirements for the design. The SNF characteristics
which are bounding differ for the two types of neutronics evaluations, criticality and
shielding.

Criticality control is a concern for fuel with high criticality potential. High criticality
potential in SNF is the result of high enrichment with low burnup. High enrichment in SNF
means more fissile material (2. 5U, i.e. U-235) per the chain reaction to occur in. Low burnup
in SNF means less of the initial fissile material has been depleted and fewer neutron
absorbers have been created in the actinides, activation products, and fission product.

Shielding and heat generation are a concern for SNF with large neutron and gamma-ray
fluxes. Large neutron and gamma fluxes in SNF are the result of high burnup with low
enrichments. The high burnup in SNF creates more activation and fission products, which
produce the gamma-ray flux. The lower enrichment in SNF means more actinides are
formed; these produce the neutron flux and the secondary gamma-rays.

As is apparent, the SNF characteristics of concern for criticality control and for shielding/heat
generation are opposites. Therefore, different SNF design basis characteristics are required
for each type of evaluation/calculation. The current goal for the design basis fuel
characteristics is to have a set of SNF characteristics that are more limiting than at least 80
percent of the SNF that will be discharged from reactors. The additional 20 percent of the
SNF assemblies not covered by the SNF design basis characteristics will require additional
calculations and alternative WP designs or strategies (M&O, 1993v).

The criticality evaluations have been performed for various design basis SNF characteristics
including: 3.75 percent U-235 enrichment fresh fuel and 1.8 percent U-235 enrichment
equivalent to SNF with 3.75 percent U-235 enrichment 37 GWd/MTU by the MRSIMPC
group and 3.75 percent U-235 enrichment 40 GWd/MTU (the MPC shielding fuel) by the
Vienna System Analysis group. In Section 6.3 a method and its results are described by
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which design basis fuel characteristics have been evaluated (M&O, 1994i). The method and
results have been accepted and coordinated within the M&O Contractor.

Some of the calculations performed to help choose a new set of criticality design basis SNF
characteristics are shown in Figure 6.8.1-1. During the process of determining a set of
criticality SNF characteristics many different sets were used. Some of the SNF characteristics
used in the initial evaluations include: 3.25 percent initial enrichment U-235 and 30
GWd/MTU burnup, 1.90 percent initial enrichment U-235 and 11 GWd/MTU burnup, 3.75
percent initial U-235 enrichment and 37 GWd/MTU burnup, and 3.75 percent initial U-235
enrichment and 32 GWdIMTU burnup. The current set of criticality design basis SNF
characteristics is 3.00 percent initial enrichment U-235 and 20 GWd/MTU burnup. The
cooling time SNF characteristic has been specified as 5 years in all of the above cases (M&O,
1994i).

Multiple shielding design basis SNF characteristics have also been used for different
evaluations including: 3.92 percent initial enrichment U-235, 42.21 GWdIMTU burnup, and
22.48 years of cooling time (M&O, 1993t) specified by the MGDS System Studies groups
and 3.75 percent initial enrichment U-235, 40 GWd/MTU burnup, and 10 years of cooling
time (for transportation and short term storage) or 20 years of cooling time (for MGDS)
(M&O, 1993f; M&O, 1993g) specified by the MRS/MPC and Vienna System Analysis
groups. The MGDS WP Development (WPD) group has used various shielding design basis
SNF characteristics in support work for the other groups including:

* 3.00 percent initial enrichment U-235, 40 GWd/MTU burnup, and 25 years of cooling
time

* 3.00 percent initial enrichment U-235, 45 GWd/MTU burnup, and 25 years of cooling
time

* 3.00 percent initial enrichment U-235, 45 GWd/MTU burnup, and 10 years of cooling
time

* 3.72 percent initial enrichment U-235, 40 GWd/MTU burnup, and 10 years of cooling
time

* 3.75 percent initial enrichment U-235, 40 GWd/MTU burnup, and 10 years of cooling
time

* 3.75 percent initial enrichment U-235, 40 GWd/MTU burnup, and 20 years of cooling
time

* 3.92 percent initial enrichment U-235, 42.21 GWd/MTU burnup, and 22.48 years of
cooling time.

The current set of shielding design basis SNF characteristics has been specified as 4.6 percent
initial enrichment U-235, 58 GWd/MTU, and 16 years of cooling. The current SNF
characteristics were selected to cover greater than 80 percent of the possible 86,000 MTU
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SNF inventory. The discussion of the design basis fuel selection process is covered in
Section 6.3 of this report.

The evaluations for WP ACD activities focused on PWR fuel assemblies. PWR fuel
assemblies are the more limiting case for both criticality and radiation shielding evaluations.
PWR fuel assemblies, in general, have higher initial enrichments than BWR fuel assemblies
and higher burnups. BWR fuel assemblies, in general, have lower burnups than PWR fuel
assemblies but also correspondingly lower enrichments.

6.8.2 V&V of the Neutronics Computer Codes for QA Work

Before quality affecting work may be performed using a piece of software, it must be verified
and validated for quality affecting work on the computer system on which it is to run. The
verification of the software was initially performed in accordance with QAP-19-1 Computer
Software Verification and Validation (V&V) and the Computer Software Quality Assurance
Plan (CSQAP). These documents require the generation of a V&V Activity Plan for each
piece of software (M&O, 1993h).

The V&V requirements come from the latest version of QAP-19-1 Computer Software
Verification and Validation, Revision 3 (M&O, 1993h). The current procedures require a
Software V&V Package for the acquired neutronics software containing: a software life cycle
plan, software functional requirements information, software V&V activity plan, software user
information verification report, a user information verification checklist, a functional
requirements verification report, a requirements verification checklist, validation test plan,
validation test plan verification report, validation test plan verification checklist, validation
testing report, validation test checklist, and the V&V final report. The software V&V
package must then be officially approved in a Software Configuration Control Board (SCCB)
meeting.

All the neutronics computer codes planned for QA work have the required base
documentation for QA verification. The computer codes have been verified and certified by
the WPD group. The latest revisions of the required documentation for official M&O QA
verification of the computer codes are being compiled to be sent for official approval. The
work performed to verify the criticality, shielding, and support (source generation and cross-
section code/library) codes are described below.
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6.8.2.1 Criticality Control Codes

The MCNP code, version 4.2 for the Hewlett Packard (HP) 9000 730/735 series workstation,
has been selected for QA criticality work (MCNP). The MCNP computer code is a three-
dimensional Monte Carlo code for neutron and photon transport developed at LANL. MCNP
stands for Monte Carlo Neutron and Photon. MCNP has a powerful detailed geometry
modeling capability combined with the availability of continuous energy cross-section sets.
These features allow detailed modeling and precision criticality/shielding calculations. The
MCNP code has been thoroughly benchmarked against criticality experiments and other
criticality codes. It was for these reasons that the MGDS WPD group chose the MCNP
computer code for criticality calculations. The MCNP code has been approved for QA
criticality work according to the M&O QAPs.

Additional codes from the Radiation Shielding Information Center (RSIC) at Oak Ridge
National Laboratory (ORNL) are also being considered for QA criticality work. The codes
being considered include: MCNP4A (a new version of MCNP), the SCALE-PC codes
package (ORNL, 1993d), the workstation version of the SCALE package (ORNL, 1993a), and
the KENO-VI Monte Carlo criticality code, when it becomes available.

6.8.2.2 Shielding Codes

The ANISNBW, DORT and MCNP codes for the HP 9000 730/735 series workstation were
selected for QA shielding work. The ANISNBW computer code Version 4.5HP, is a B&W
HP 9000 version of the one-dimensional discrete ordinates transport code ANISN-W code
developed at ORNL (BWNT, 1993a). The DORT computer code, Version 2.OHP, is a two-
dimensional discrete ordinates transport code developed at ORNL (1993c). The MCNP
computer codes, Versions 4.2 and 4A, are three-dimensional Monte Carlo codes for neutron
and photon transport developed at LANL. These codes enable shielding calculations at
different levels of complexity, with related differences in computer run time. A one-
dimensional ANISNBW run will take -1 minute while a two-dimensional DORT run of a
similar problem will take -8 hours. The MCNP code allows a different calculational method
(Monte Carlo versus discrete ordinates) to check for biases in the shielding model and provide
three-dimensional results. The MCNP has been approved for QA radiation shielding work
according to the M&O QAPs. The ANISNBW and DORT codes are now being qualified for
QA radiation shielding work according to the M&O QAPs.

Additional computer codes from RSIC are being reviewed for possible consideration as QA
shielding codes. The codes being considered include: MCNP4A (a new version of MCNP),
SKYSHINE-PC, QAD-PC, ONEDANT, TWODANT, TORT/DORT, and the workstation
version of the SCALE code package (ORNL, 1993a).

6.8.2.3 Source Generation Codes, Cross-Section Codes, and Cross-Section Libraries

The criticality and shielding codes require extensive input information. Some of the required
input includes the isotopic compositions, the radiation sources, and the material cross-sections
in the model being evaluated. The input information required by the criticality and shielding
codes is generated in other codes. The computer codes which provide this information also
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have to be verified for QA work. The source and cross-section codes to be verified for QA
work include the Characteristics Data Base (ORNL, 1993b), ORIGEN2 (BWNT, 1991),
AXSOUR, CONVERT, NEUTRSR, SOURCE, ORIGEN-S, and GIP (BWNT, 1993b). The
cross-section data for QA work is to come from the BUGLE-80 (ORNL, 1980)
cross-section library.

The CDB was used to provide fuel assembly information (FADB), control rod assembly
information (NFADB), SNF isotopic composition information (RADDB), and defense high-
level waste (DHLW) glass source information (HLWDB). The CDB has already been
qualified for QA work under the M&O program. The RADDB section of the CDB contains
information from QA ORIGEN2 runs. The CDB would be used for the SNF radiation
sources except that it does not contain all the information required to generate a source input
(neutron source spectrum or isotopic source strengths). The next revision of the CDB should
contain the information. (ORNL, 1993b)

The depletion sequence from the SCALE code package, featuring ORIGEN-S, is currently
being converted to the HP 9000 computer. The code is planned to be used for determining
the changes in isotopic composition from long-term depletion/transmutation. This is of
importance for long-term criticality control analysis. The ORIGEN-S code is also capable of
providing the source terms for shielding calculations.

Some additional codes are being reviewed for use in generating sources and cross-sections for
QA work. The SCALE codes package Version 4.2, from RSIC, and its source and cross-
section generation sequences of codes are being reviewed. Additional cross-section libraries
and sets are also planned for review for QA work. These include the CASK and BUGLE-93
cross-section libraries for ANISN/DORT and additional isotope sets for MCNP.

6.8.3 Criticality Control Evaluations

6.8.3.1 Background

6.8.3.1.1 Physics of Criticality

Criticality evaluations calculate the neutron multiplication factor of a fuel or system.
Calculations of the criticality potential of a nuclear fuel (type, vendor, characteristics) refer to
the infinite neutron multiplication factor (kid). Calculations or measurements of the criticality
of a system (WP, reactor, etc.) refer to the effective neutron multiplication factor (kcff) of the
system.

The kinf of a nuclear fuel assumes a system of infinite size, where neutrons cannot leak out of
the system and lose their effectiveness. The kff accounts for neutron leakage from a system
of given dimensions, configuration, and materials. Calculated knr values are always greater
than kff values for a given fuel type, but as the system size increases, keff will approach kinf as
neutrons from the center of the WP interact before they can leak out. kff values are realistic,
measurable quantities while kinf values are not. All the evaluations discussed in the neutronics
section of this paper represent kgff values.
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The keff of a system is the ratio of the number of neutrons in the current generation to the
number of neutrons in the previous generation. Similarly, the number of neutrons in the
current generation times kff gives the number of neutrons in the next generation. When kff >
1, the system is called supercritical (a reactor coming up to power). When kcff = 1.0, the
system is called critical (a reactor at power). When keff < 1.0, the system is called subcritical
(a reactor powering down, a powered down reactor, or a WP). Changes to keff are referred to
in terms of reactivity, positive reactivity if it increases kff or negative reactivity if it decreases
keff.

Three things are required for a system (WP, reactor, storage rack, etc.) of light water reactor
fuel to reach criticality: a sufficient amount of fissile material, a neutron moderator, and an
initial source of neutrons. These three required items are discussed below.

Nuclides or materials that fission (emit neutrons when they break apart) when struck by a
neutron are called fissile materials. The reaction in which a material gives off neutrons when
struck by a neutron is called a fission reaction. The neutrons created by fission reactions are
called fission neutrons.

Neutron moderators are materials which slow down fast (high energy) neutrons to thermal
(low energy) neutrons. Neutrons at thermal speeds have much higher probabilities of
interacting with fissile material (i.e., fissile materials have larger fission cross-sections for
capture of thermal neutrons). Any water in and around the spent nuclear fuel (SNF) in the
WP would act as a neutron moderator. If sufficient water is present around a fissile material,
neutrons can thermalize and cause fissions. A chain reaction occurs when those fission
neutrons thermalize and cause more fissions. To start a cascade, or chain, of fission
reactions, an initial source of neutrons must be present.

SNF contains a source of neutrons, called the subcritical neutron flux. The subcritical neutron
flux in spent fuel comes from two main reactions, spontaneous fissions and (a,n) reactions.
Spontaneous fissions occur in unstable actinides such as U-238, Pu-238, Pu-240, Pu-242,
Cm-242, Cm-244, Cm-246, and Cm-248. These isotopes will randomly fission, emitting
neutrons to achieve a somewhat more stable state. The (a,n) reactions occur when a high
energy a particle from decaying fission products or actinides (such as Pu-238, Am-241,
Am-243, Cm-243 and Cm-244) strikes an oxygen atom, which gives off a neutron as the
oxygen atom become a neon atom. The rate of these reactions is dependent upon the quantity
of the isotopes from which they originate. The spontaneous fission and alpha emitting
isotopes have half-lives (time it takes for half of the isotope to decay) that range from
seconds to billions of years. This results in a slow decrease in the subcritical neutron flux
with time. For the MPC design basis SNF (i.e., 3.75 percent initial enrichment U-235, 40
GWd/MTU burnup, and 10 years cooling time from a reactor (M&O, 1993f; M&O, 1993g))
approximately 4x108 neutrons/second per metric ton of initial heavy metal (MTIHM) are
produced. For the same SNF decayed 10,000 years, approximately 3x 106 neutrons/second per
MTIHM are produced (ORNL, 1993b).

BOOOOOOOO-01717-5705-00015 Rev. 00 6-209 08/29/94



6.8.3.1.2 General Techniques for Controlling Criticality

The techniques available for criticality control are dependent upon the physics of a critical
system. As discussed in the physics of the criticality section, three items are required for a
system of LWR fuel to go critical; fissile material, a source of neutrons, and a neutron
moderator. By definition, nuclear fuel contains the fissile material required for criticality
events. Neutrons are present in SNF from spontaneous fission reactions in actinides and (ct,n)
reactions in the actinides, activation products, and fission products. The NRC assumes a
neutron moderator will be present for accident conditions. To control criticality, the quantity
of fissile material, availability of neutrons, and/or the presence of a neutron moderator must
be controlled and/or limited.

A. Limiting the amount of fissile material available as a criticality control measure can be
accomplished by limiting the package capacity and/or using burnup credit (i.e.,
accounting for the reduced fissile material content of SNF resulting from fuel burnup).

B. Four techniques for limiting/controlling the neutrons present in SNF for criticality
control are: supplemental neutron absorber materials, neutron absorber materials in
SNF (burnup credit), the arrangement or geometry of LWR SNF through basket
geometry, and neutron leakage/reflection. Each of these techniques is discussed
below.

1. Neutron absorbers are materials which capture neutrons, thus preventing them
from continuing to add to the fission chain reaction. Boron is the most commonly
used neutron absorber material, although gadolinium, hafnium, silver-indium-
cadmium and others have also been used. For WPs, neutron absorber materials in
control panels around fuel assemblies, in control rods inside fuel assemblies, and
in filler materials inside and around fuel assemblies have been considered.

2. The actinides (U-234, U-236, U-238, etc.), activation products, and fission
products act as neutron absorbing materials by absorbing neutrons and preventing
them from continuing to add to the fission chain reaction. Accounting for these
neutron absorbing materials created by fission reactions during fuel burnup
(burnup credit) can assist in lowering the calculated criticality potential of a
system.

3. The arrangement or geometry of LWR SNF can also provide a means of neutron
criticality control by isolating the neutrons from one SNF assembly from the
fissile material in another SNF assembly. The isolation of neutrons is
accomplished by means of separation gaps. These types of WP arrangements are
called flux traps because the neutron flux is trapped between SNF assemblies.
These geometric arrangements are dependent upon the structural performance of
WP basket materials.
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4. Neutron leakage/reflection provides a means of neutron criticality control by
directing neutrons away from other fissile material. Neutrons which are leaked or
scattered away from fuel can not add to the fission chain reaction. Neutron
leakage is an important part of small/limited capacity packages.

C. Without a moderator in a WP, the neutrons in LWR SNF cannot be efficiently
moderated (thermalized) to continue the fission chain reaction. There are three
techniques for reducing the neutron moderator to control criticality in a WP containing
LWR SNF: moderator displacement, moderator exclusion, and rod consolidation.

1. Moderator displacement prevents sufficient moderator from entering a package by
employing filler material placed inside a WP and SNF assemblies.

2. Moderator exclusion is achieved by preventing a moderator from entering a
package by sealing the WP.

3. Rod consolidation prevents sufficient moderator from surrounding the SNF to
effectively moderate the neutrons. This is done by placing the fuel rods close
together. The fuel rods are removed from the fuel assembly support structures
(spacer grids and end fittings) and placed close together in a tight fitting
container.

6.8.3.2 Disposal Criticality Control Regulations

The general design criteria for the Geological Repository Operations Area (GROA) with
respect to criticality control are provided in Title 10 CFR Part 60.131 (b)(7) as follows:

"Criticality control. All systems for processing, transporting, handling, storage, retrieval,
emplacement, and isolation of radioactive waste shall be designed to ensure that a nuclear
criticality accident is not possible unless at least two unlikely, independent, and concurrent
or sequential changes have occurred in the conditions essential to nuclear criticality safety.
Each system shall be designed for criticality safety under normal and accident conditions.
The calculated effective multiplication factor (keff) must be sufficiently below unity to
show at least a 5% margin, after allowance for the bias in the method of calculation and
uncertainty in the experiments used to validate the method of calculation."

There are four important points in this regulation.

* Criticality control must be provided for all mined geological disposal systems,
including isolation

* Criticality in not allowed unless at least two unlikely, independent, and concurrent or
sequential changes occur

* Criticality safety is required under normal and accident conditions
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* kff must be <0.95 (a 5 percent margin below unity) after accounting for the bias in the
calculational method used to calculate keff and uncertainty in the experiments used to
validate the method of calculation.

A time limit for criticality control in the repository can be inferred from the required
criticality control for the period of waste isolation. The time period of isolation has been
given in 40 CFR Part 191.13(a) as 10,000 years. 40 CFR Part 191.13(a) is currently
remanded in regard to a repository at Yucca Mountain and being reviewed by the National
Academy of Science (NAS). Based upon the NAS recommendations, the Environmental
Protection Agency (EPA) may change the required time period of isolation, and thereby
change the time period of criticality control.

The various Yucca Mountain Site Characterization Project requirement documents (i.e., Mined
Geological Disposal System-Requirements Document [M&O, 1993i], Engineered Barrier
Design-Requirements Document [YMP 1993a], etc.) paraphrase 10 CFR Part 60.131 (b)(7) in
their nuclear criticality control/protection requirements. In addition, the DOE lists general
requirements for nuclear criticality safety for all DOE facilities in DOE Order 6430. 1A
1300-4. This order provides general guidelines for facility design. In addition it refers to
DOE Order 5480.5 for criticality alarm system requirements and to the American National
Standards 8 series on Nuclear Criticality Safety for implementation details (ANSI/ANS).

The repository criticality control regulations are similar to those for other "out of reactor"
situations (storage and transportation). The one major difference is that criticality must be
controlled during the extended time period associated with waste isolation. To meet this
requirement, criticality control measures for disposal must either: a) not lose their
effectiveness as they degrade over time or b) their loss of effectiveness must be accounted for
by some initial measure. Only criticality control techniques which meet these requirements
can be acceptable for disposal criticality control.

6.8.3.3 Techniques Acceptable for Disposal Criticality Control

The nature of the MGDS project is such that many of the evaluations, analyses, and
calculations being performed are first of a kind. When making evaluations of the technical
feasibility of these criticality control techniques and strategies, a combination of preliminary
calculations and engineering estimates is used when there are no hard scientific measurements
or directly applicable engineering experience. Material testing and operational feasibility
testing programs are underway and/or planned to generate the needed information. These
tests will enable more informed estimates and give some definite answers to the technical
viability of the strategies evaluated in this report. These evaluations and recommendations
are based upon the best engineering and scientific estimates currently available. The eight
techniques evaluated are described below.
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A. Burnup Credit

Burnup credit is considered the most acceptable approach for long-term criticality
control. The approach takes credit for the net depletion of fissile material and the
creation of neutron absorbing isotopes during the fission reaction. The criticality
potential of SNF has been found to vary with cooling time. Deterministic models
have been used to calculate the criticality potential of SNF out to a million years.
These calculations show that the lowered reactivity (criticality potential) due to burnup
is a valuable tool for long-term criticality control. Without burnup credit, the large
capacity MPCs are unlikely to be feasible for long-term disposal purposes. For large
capacity WPs, burnup credit is normally considered in conjunction with other
criticality control methods such as neutron absorber materials.

B. Neutron Absorber Credit

The use of supplemental neutron absorbing materials is also considered an acceptable
approach for long-term criticality control. Neutron absorber materials placed in
control panels and control rods (for PWR SNF assemblies) can provide a significant
amount of negative reactivity (lower the system's criticality potential). However, for
material performance reasons credit for all the neutron absorber material loaded into a
control system (panel or rod) is unlikely to be allowed. Neutron absorber credit is
normally used as a primary criticality control measure only in reactors or spent fuel
pools. For cask systems, neutron absorber credit is normally used in conjunction with
other criticality control approaches. The MPC conceptual designs incorporate neutron
absorber materials in both the burnup credit and flux trap designs.

C. Moderator Displacement

Moderator displacement is considered a technically acceptable option for disposal
criticality control. There are two concerns about the technical viability of using a
filler material to displace moderator. The first concern is the amount of filler material
required to displace enough water to control criticality. The second concern is
whether the filler material's material performance characteristics will allow it to last
over the time period of criticality control during isolation. Test programs are currently
planned and/or underway to answer these questions.

Moderator displacing filler material could be used alone or in conjunction with other
criticality control approaches. It could be used as a replacement control measure
where another measure is found inadequate for disposal.

D. Reduced Capacity

Controlling criticality by limiting the LWR SNF assembly capacity of a WP is also
considered an acceptable approach for long-term criticality control. Without sufficient
fissile material present in a package a criticality event can not happen. The possibility
of fissile material from multiple packages combining is considered unlikely (ORNL,
1978). Reduced capacity could be used as the sole criticality control measure of a
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design. With this approach the WP is limited to a capacity of less than four PWR
assemblies. Some of the SNF in the fuel inventory would further reduce the package
capacities to one or two PWR assemblies, if additional control measures are not used.

E. Basket Geometry, Separative Gaps (Flux Traps)

Flux traps are not considered acceptable for disposal criticality control due to long-
term material performance concerns. Flux trap designs depend upon the structural
materials to form the separative water gaps which control criticality. If the flux trap's
separative gap collapses, the neutron interaction between fuel assemblies increases the
criticality potential of the system. The structural performance of materials is one of
the first physical properties lost as the materials degrade. After the containment
barriers have failed, the basket structural materials lose their structural integrity over
the period of isolation, and a flux trap will be unable to provide criticality control.

Flux trap designs are assumed filled with fresh fuel up to some initial enrichment
limit. The initial enrichment limit is not sufficient control to prevent a package from
going critical when a flux trap collapses, especially if it is to be able to accept 80
percent of the SNF inventory. The Flux Trap approach can be combined with other
criticality control approaches to form hybrid strategies that may provide criticality
control for disposal (i.e., provide sufficient neutron absorber to control criticality with
collapsed flux traps).

F. Moderator Exclusion

Moderator exclusion is not considered acceptable for disposal criticality control.
Moderator exclusion depends upon containment barriers to prevent water intrusion into
the WP. The containment barriers can not assure the prevention of water inflow
throughout the period of isolation.

G. Rod Consolidation

Rod consolidation is not considered an acceptable option for disposal criticality
control. There are concerns about the ability of the packaging to hold the fuel rods
tightly together over the period of concern for criticality control. There are also
concerns about the interactions between tightly packed fuel rods causing early failure
and release of radionuclides (SNL, 1987c; SNL, 1988; M&O, 1993s). Because of
these and other concerns, rod consolidation has been dropped from consideration.

H. Neutron Leakage/Reflection

The use of neutron leakage/reflection as a major approach for long-term criticality
control is not considered an acceptable option. Any neutron leakage that occurs is
partially offset by the neutrons reflected back into a package from the surrounding
water acting as a neutron reflector.
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6.8.3.4 MGDS Approach For Evaluating Criticality Control

The MGDS plan for evaluating WP criticality involves using two different methodologies,
deterministic and probabilistic; in a time dependent approach, the Three Phased Approach.
Brief descriptions of the two methodologies are given below, followed by a description of
how the methodologies fit into the Three Phased Approach for evaluation of WP criticality
control in the potential repository.

6.8.3.4.1 Deterministic and Probabilistic Methodologies

Deterministic criticality evaluations are the type of evaluation currently performed for storage
and transportation. For deterministic evaluations, well defined conditions are imposed on a
system, and the criticality potential of the system is calculated. The deterministic evaluation
for transportation accidents, for example, fills the waste container with pure, high density
water and places the fuel rods in their most reactive configurations.

Probabilistic criticality evaluations are similar to Probabilistic Risk Assessments (PRAs)
performed for reactor consequence evaluation. Probabilistic criticality evaluations, in the
form of fault tree analyses, take into account the probability of various events occurring
which are necessary for a criticality event. The consequence of an event is also considered in
the probabilistic analysis.

6.8.3.4.2 Three Phased Approach

As identified previously, 10 CFR Part 60.131(b)(7) addresses criticality control during the
operation of the potential repository (preclosure) and the long-term criticality control
requirements for isolation (postclosure). To better define the pre- and postclosure issues and
the methodology for addressing them, a Three Phased Approach for disposal criticality control
was developed. The three time phases associated with the approach are: the
Preclosure/Operations Phase, the Postclosure/Substantially Complete Containment Phase
(SCC), and the Postclosure/Isolation Phase.

A. Operations Phase

The preclosure/operations phase consists of approximately 100 years which includes
waste emplacement and the retrievability period. Human occupation is expected in the
repository during this time frame. Therefore, during the preclosure/operations phase,
criticality control is required to protect the health and safety of workers. Criticality
control evaluations during this time phase are well suited to the use of a deterministic
method. Deterministic criticality evaluations for the preclosure phase are similar to
the evaluations performed for storage and transportation. Deterministic methods have
been accepted by the NRC when evaluating system conditions that are well known and
easy to define.
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B. Substantially Complete Containment Phase

The SCC Phase is the time period from 100 years to -1,000 years. There is no human
presence in the drifts and very few, if any, containment barriers have been breached.
Therefore, the principal criticality concern is potential radionuclide release. The
conditions at the start of the period are well defined; however, as time increases, the
uncertainties in the condition of the WP increase. The evaluation of criticality in this
phase starts with deterministic methods but as time increases and uncertainties grow,
probabilistic methods become more appropriate.

C. Isolation Phase

The Isolation Phase is anticipated to last from -1000 to (currently) 10,000 years. The
objective of criticality control during this time phase is to control radionuclide release
into the environment. Probabilistic methods would be used for criticality evaluations
during this time phase due to uncertainties associated with the integrity of the
engineered barriers. Bounding deterministic evaluations could be used to determine
the consequence of criticality events during this phase.

6.8.3.5 Scope and Conditions of the Criticality Control Evaluations

The criticality control evaluations discussed in Section 6.8.3 are deterministic criticality
evaluations. The probabilistic criticality evaluations are addressed in section 6.9.

The criticality control evaluations addressed in this report are concerned with long-term
criticality control for the "conceptual design MPC" and Uncanistered Fuel (UCF) WPs in a
potential repository. Criticality control evaluations for the system's interior to the WP are the
concern of this report. The initial objective of the MGDS program is to accept 80 percent of
the entire projected commercial LWR SNF inventory. PWR SNF is more limiting than BWR
SNF for criticality, and is the focus of these evaluations.

Other important issues are not the focus of this report and are not addressed herein. These
other issues include criticality concerns exterior to the WP, BWR SNF assemblies, the
remaining 20 percent of the commercial SNF inventory, and the other high level waste. The
areas not addressed herein will be addressed in future work for MGDS ACD. Much of the
work addressed in this report should be re-evaluated toward the end of ACD.

The "normal" condition in the repository, both within and surrounding the WP, is a dry
environment. When an insufficient amount of water is present, insufficient neutrons are
thermalized (slowed down to thermal energy levels) to bring a system critical. The keff of a
standard WP under "normal" dry conditions is between 0.3 and 0.4. This keff is from the
subcritical neutron multiplication caused by the subcritical neutron flux, which depends upon
the characteristics of the SNF in the WP. Values of keff in this range do not represent a
criticality safety concern, but are needed for shielding calculations.
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The "accident" condition considers the repository and WP as being flooded with water.
Under flooded conditions, further detailed criticality evaluations of the system must be
performed to determine kff. A WP fully flooded with cool (high density) water is the
standard WP criticality evaluation condition. This is the condition for which WP criticality
evaluations are normally made, and is the condition assumed for the rest of the evaluations in
this report. A preliminary parametric study of the minimum amount of water required to
achieve criticality in the WP has been performed for the probabilistic evaluations.

How the conditions from this section are applied to the criticality control strategies are
presented in the sections that follow.

6.8.3.6 Disposal Criticality Control Strategies

After examining the techniques acceptable for long-term disposal criticality control, a set of
strategies was formed. The three main WP criticality control strategies are discussed below.

6.8.3.6.1 Burnup Credit and Partial Neutron Absorber Credit

This strategy takes credit for the reduced stored energy (reactivity) associated with the
principal isotopes in SNF (burnup credit) and for some of the neutron absorber material in the
control systems (partial neutron absorber credit). The reason only partial credit for the
neutron absorber material is taken is due to either coarse dispersion of the neutron absorber
material (historically applied to transportation for BORAL) or long-term material depletion
and degradation concerns (disposal). The BR-100 and 21 PWR MPC conceptual designs are
examples of systems set up to use this strategy. (BWFC, 1991)

A. Partial Burnup Credit and Partial Neutron Absorber Credit

This strategy takes credit for the reduced reactivity associated with a subset of the
principal isotopes in SNF (partial burnup credit) and for some of the neutron absorber
material in the control systems (partial neutron absorber credit). Use of only a subset
of the principal burnup credit isotopes is due to uncertainties associated with the
concentration of some isotopes in SNF. A common subset of the principal burnup
credit isotopes are the actinides as opposed to use of both actinides and fission
products for full credit. The GA-4/9 cask design, currently under development, is an
example of a system that uses this strategy.

B. Flux Trap/Partial Burnup Credit and Partial Neutron Absorber Credit

This is a hybrid strategy where the flux trap would provide criticality control for
storage and transportation, and partial burnup credit and partial neutron absorber credit
would provide criticality control for disposal. The 12 PWR MPC conceptual design is
an example of this strategy.
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6.8.3.6.2 Moderator Displacement

This strategy controls criticality by placing a filler material inside the WP and SNF
assemblies. The moderator displacing filler material prevents a sufficient amount of
moderator from entering a package. Without a moderator in a WP, the neutrons in the LWR
SNF cannot continue the fission chain reaction. There are no examples of designs using this
strategy in the form discussed here.

6.8.3.6.3 Reduced Capacity

This strategy uses two connected criticality control approaches. By limiting a WP's capacity,
the amount of fissile material can be kept below the amount required for a critical system
even with fresh fuel. The small capacity package has a larger outer surface area compared to
its inner volume, which gives it more neutron leakage area. This strategy requires WPs with
fewer than four PWR SNF assemblies. It is commonly used for truck transportable canisters.

Of the three leading strategies, two have been evaluated in detail for some of the MPC and
UCF WP concepts. The bumup and neutron absorber credit strategy has been evaluated in
the most detail, as it is the main strategy for the large MPC and UCF WP conceptual designs.
The moderator displacement strategy has also been evaluated for the large WP conceptual
designs. The reduced capacity strategy has not been evaluated because no major WP design
concept is using the strategy.

The results of the criticality evaluations for the large WP conceptual designs using the
disposal criticality control strategies are presented in Sections 6.8.3.9 through 6.8.3.1 1. The
two techniques are presented separately to show their individual contributions to criticality
control. Before the results of these evaluations are presented, the calculational and geometric
models used for the criticality evaluations, with the calculational bias and uncertainties, are
described.

6.8.3.7 Criticality Evaluation Model

The first step taken in performing the criticality evaluations was to develop models of the WP
conceptual designs. The MCNP Version 4.2 computer code was selected to analyze the
criticality potential of the MPC and UCF WPs because of its powerful detailed geometry
modeling capability and continuous energy cross-section sets. These features enable detailed
geometric modeling and precise criticality calculations. MCNP has been verified and
validated under the M&O quality assurance procedures.

One geometric and two calculational models are used in the criticality evaluations of the WP
conceptual designs using the primary strategy of burnup credit and partial neutron absorber
credit. The geometric model is of the nuclear fuel assemblies in the WP designs. The first of
the calculational models is the model of the SNF isotopic composition based upon the SNF
characteristics. The second calculational model is the neutron transport criticality
calculational model. The three models are discussed below.
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The geometrical model of the WP designs uses dimensional and material information that is
factored into the input deck for the MCNP computer code. The dimensional information used
in modeling the fuel assemblies was gathered from the fuel assembly CDB, FADB.
Dimensional and material information used in the geometric models of the WP concepts came
from various sources (M&O, 1993f; M&O, 1993g; ASME, 1986; M&O, 19941; Incropera and
DeWitt 1985; Duderstad and Hamilton 1976; Lamarsch 1983; M&O, 1994v).

The WP design concepts are very symmetrical, so it was sufficient to model 1/8 of the WP
directly, then use reflecting surfaces to account for the other 7/8 of the WP. This modeling
technique has been tested and shown to represent the full WP model accurately. It has the
additional advantage of reducing the required computer run time. A sketch of one of the
models is shown in Figure 6.8.3-1. The geometric details used to generate the MCNP model
are listed in the MPC Conceptual Design Report (M&O, 1993f; M&O, 1993g).

The MCNP model of the WP designs incorporated MCNP's repeated structures features to
make a versatile criticality model. The MCNP models were constructed to allow easy
changing of the fuel type, fuel characteristics, assembly size (number of fuel rods), assembly
dimensions, and number of assemblies within the WP for parametric studies.

The SNF calculational model was obtained from the ORIGEN2 computer program. The
modeling of the SNF isotopic composition was performed by ORIGEN2, but the actual
information was gathered from the radiological CDB, RADDB. The isotopical composition
information from peer reviewed ORIGEN2 runs were entered into RADDB. The isotopic
composition information for SNF from the RADDB takes into account initial enrichment of
U-235, burnup, and the decay effects of cooling time, but isotopic depletion/transmutation is
not considered.

As was stated earlier, the MCNP computer code/model was used to perform the criticality
calculations. MCNP was developed at LANL, has been benchmarked against many critical
experiments, and is used widely in the nuclear industry for criticality calculations.

6.8.3.8 Calculational Bias and Uncertainties

There are biases and uncertainties associated with a criticality calculation. How these biases
and uncertainties are treated in criticality calculations is covered in the American National
Standard on "Criticality Safety Criteria for the Handling, Storage, and Transportation of LWR
Fuel Outside Reactors" (ANSI/ANS-8.17). ANSI/ANS-8.17 gives an equation showing how
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the biases and uncertainties are taken into account in criticality calculations. A simplified
version of the equation for the calculation of krf for a WP is shown below.

ka < kc + Ak, + Aki
(Equation 6.8.3-1)

Where:
ka = maximum allowable calculated keff

kc = kekfr resulting from calculations, including any statistical uncertainties associated
with the computational method

Ak,, = bias and uncertainties in benchmark critical experiments and the system being
calculated

Akin = an arbitrary margin of safety: 0.05 unless a smaller value can be justified, but
not less than 0.02.

The bias and uncertainties typically range from -0.01 to 0.04 for fresh fuel, depending on the
calculational methods and cross-section data libraries. The biases and uncertainties typically
range from 0.06 to 0.09 for SNF.

The fresh fuel bias and uncertainty for the MCNP code is -0.015. A preliminary SNF bias and
uncertainty band of 0.06 for MCNP is shown on some figures presented in this evaluation.
The SNF bias is larger due to additional factors (i.e., isotopics, axial effects, etc.) associated
with SNF versus fresh fuel. A generalized methodology for calculating the SNF bias for a
computer code is currently being developed by DOE's burnup credit committee. It is to be
presented in a topical report on burnup credit to the NRC (M&O, 1994e).

The biases and uncertainties discussed above are concerned with the calculational method.
There are also uncertainties associated with the SNF isotopic composition calculations. The
uncertainties in isotopic composition for SNF are not applied as a final bias to the kff
calculation. These uncertainties are applied conservatively (additional fissile material, less
neutron absorbers) to the isotopic composition entered into the criticality calculation model.

6.8.3.9 Burnup Credit

Burnup credit enables consideration of the depletion of fissile isotopes and the buildup of
neutron absorbing isotopes in SNF criticality control calculations. Detailed knowledge of the
isotopic concentrations and cross-sections is very important to properly account for burnup
effects. SNF has hundreds of different isotopes in different quantities varying with burnup
and cooling time. Using all the SNF isotopes in a model is impractical, so a select group of
the isotopes had to be chosen. Using fewer isotopes is actually a conservative assumption
because the majority of the nuclides present in SNF are neutron absorbers.
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6.8.3.9.1 Long-Term Time Effects on Criticality

The long-term time effects on the criticality potential of SNF in a WP are a criticality concern
unique to the MGDS. Past calculational and experimental data have shown that the criticality
potential of SNF decreases with time out to at least twenty years. What happens after this
has not been addressed.

To calculate the long-term time effect on criticality, isotopic composition information at
different time steps was required. The required isotopic composition information for the fuel
characteristics at 23 selected decay time steps were gathered from the CDB, RADDB.
Reports of the isotopic composition of the fuel at the 23 time steps were generated from the
RADDB, then used to generate number densities that were entered into MCNP model
files/input decks. Each time step for the fuel characteristics represents an MCNP model
file/input deck. The results from the MCNP runs are consolidated to form a plot of the
change in the criticality of the MPC WP (kff) over time. The results obtained were quite
different from the initial predictions.

Initial predictions of the time effects on criticality indicated a slow monotonic decay of
criticality potential; calculated results indicated a rapid decrease for the first -200 years before
a more gradual increase to a local peak at -20,000 years before decreasing again. The local
peak was unexpected. A set of the initial predictions and the calculated results can be seen in
Figure 6.8.3-2.

When the calculated results were first analyzed, a mistake was suspected. After the
calculations were checked and no mistake was found, a detailed analysis of the effects was
started. The detailed analysis found that the unexpected behavior in the criticality potential of
the SNF over the long time periods was due to different rates of increase and decrease in
isotopic concentrations. The results were also verified by external organizations using
alternative methods, calculating k.. values.

The results from the detailed analysis of the isotopic concentration changes are included with
results for the time effects on criticality curves. The long-term time effects on criticality for
the 21 PWR Metallic Multibarrier (MMB) WP design (the precursor to the current UCF
design) with various fuel types are shown in Figures 6.8.3-3 through 6.8.3-5.

For the first -200 years after being discharged, the criticality potential of SNF decreases as the
Pu-241 (13.2 year half life) fissile material decays. From -200 years out to -20,000 years the
criticality potential of the SNF increases as Pu-240 (6,580 year half life) and the medium half
life neutron absorbers decay. After the -20,000 year local peak, the criticality potential of the
SNF decreases again as the Pu-239 (24,400 year half life) fissile material decays. The time
effects on criticality are best illustrated with plotted data.
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The characteristics and type of fuel will affect the time effects criticality curve. Changes in
initial U-235 enrichment will raise or lower the overall curve, because of increases and
decreases in the criticality potential of the fuel due to fissile material variations. The
enrichment will also move the location of the -200 year local minimum and the -20,000 year
local maximum points, due to changes in the amounts of Pu-241 and Pu-239 produced. Both
the burnup and the type of fuel will also change the plotted results. Lower burnup levels
raise the curve, while higher burnup levels lower the curve. Fuel from different vendors has
different reactivities, which will also affect the height of the criticality curve. The criticality
curve is also changed by differences in WP basket designs.

The next set of calculations evaluated the 21 PWR MPC Burnup Credit WP design. The kff
of the 21 PWR MPC Burnup Credit WP design was calculated over the long time period of
interest. The SNF characteristics were 3.00 percent initial enrichment U-235 and 20
GWd/MTU burnup. The results are shown in Figure 6.8.3-6. The initial calculations were
checked against the 21 PWR MMB WP design. Comparing the basket designs of the WPD
group's 21 PWR MMB basket design and the 21 PWR MPC Burnup Credit Basket Design
showed that the WPD group's MMB basket had a lower k.ff than the MPC Burnup Credit
basket. Figure 6.8.3-7 shows the difference in keff between the two basket designs. The
lower keff in the MMB basket is due to more neutrons being absorbed in the MMB's stainless
steel basket structure than in the MPC's stainless steel and aluminum basket structure.

The k.ff of the 21 PWR MPC Burnup Credit WP design was also calculated with a 3.75
percent initial enrichment U-235 and 40 GWd/MTU burnup fuel. This was the original MPC
design basis SNF characteristics. The results are shown in Figure 6.8.3-8. The advantage of
using burnup credit for long-term criticality control can be seen in Figure 6.8.3-9. Figure
6.8.3-9 plots k.ff of 3.75 percent enrichment U-235 and 0 GWd/MTU burnup fresh fuel and
3.75 percent initial enrichment U-235 and 40 GWd/MTU burnup SNF for the 21 PWR
Burnup Credit WP design. The differences between the two curves (-0.25 to 0.30) is the
criticality control potential of burnup credit. Figure 6.8.3-9 also shows the time periods
covered by the three phased approach discussed in Section 6.8.3.4.2.

The initial criticality calculations were performed with no neutron absorbers in the "criticality
control" material of the WP baskets. This was done to find the keff of the 21 PWR MMB and
MPC Burnup Credit WP basket designs with only the fuel's criticality potential and the
basket geometry affecting the calculation. Finding the amount of neutron absorbers required
in the criticality control material to keep keff of the WP < 0.95 was performed and is
discussed in Section 6.8.3.10.2.
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6.8.3.9.2 Isotopic Importance Evaluations for Long-Term Burnup Credit

To select a group of isotopes/nuclides for criticality control evaluations requires a knowledge
of their importance relative to criticality control. The neutron absorption cross-section and
concentration determine this importance. A further disposal requirement is that the isotopes
must remain for a long time. The physical leakage and decay of isotopes were examined.
The long-term isotope importance evaluation started by discounting isotopes of a volatile
nature and/or very soluble (i.e., iodines and xenons) which could not be assumed present over
the long time period of isolation. Then isotopes with very short half-lives were dropped from
the list. The remaining isotopes were examined for substantial absorption cross-sections,
fission cross-sections, and concentrations over time. The isotopes in this final list, shown in
Table 6.8.3-1, were then examined in detail for their importance to long-term criticality
control. (Benedict, Pigford and Lev, 1981; GE 1972; Gaber and Mughabghab 1973; Gaber
and Kimsey 1976; Lederer, Hollander, and Perlman 1967)

The isotope importance was determined by generating macroscopic neutron cross-sections in
both the thermal and fast/resonance ranges for each of the isotopes being examined. The
results of this importance evaluation are shown in Figures 6.8.3-10 through 6.8.3-17. Figures
6.8.3-10 and 6.8.3-11 show the varying isotope/nuclide concentration over time. Figures
6.8.3-12 and 6.8.3-13 show the varying macroscopic thermal absorption cross-section over
time. Figures 6.8.3-14 and 6.8.3-15 show the varying macroscopic resonance/fast absorption
cross-section over time. Figures 6.8.3-16 and 6.8.3-17 show the varying macroscopic thermal
and resonance/fast fission cross-section over time.

Table 6.8.3-1. Isotopes Considered for Long-Term Criticality Control

0-16 Mo-95 Tc-99 Rh-103 Ag-109

Cs-133 Cs-135 Pr-141 Nd-1443 Nd-145

Pm-147 Sm-147 Sm-149 Sm-150 Sm-151

Sm-152 Eu-151 Eu-153 Eu-154 Gd-155

Gd-157 U-233 U-234 U-235 U-236

U-238 p-237 Pu-238 PU-239 Pu-240

Pu-241 Pu-242 Pu-243 Am-241 Am-242m

Am-243 Cm-243 Cm-245 Cm-248
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